■ID  A  1  2  6  3  8  4 


REPORT  83-3 


US  Army  Corps 
of  Engineers 

Cold  Regions  Research  & 
Engineering  Laboratory 


Assessment  of  the  treatability  of 
toxic  organics  by  overland  flow 


APPLIED 

WASTEWATER 


GRASS  AND 
VEGETATIVE 
LITTER 


VOLATILIZATION 
SHEET  FLOW 


.  vT' 


WASTEWATER 

COLLECTION 


C  v COLLECTIO 
VOLATILIZATION  a  ’ "  V ;  '• 

SORPTION'' 


cu 

CD 

CD 


-  J 

iuZ 

c.  :> 


sorption! 

s- '••• 
\  ••  •%  *  *  • 


Best  Available  Copy 


B3  04 


DTIC 

electe: 

S  19P3  A  * 


04  0  72 


DivtVi  « /.  » » MuV>'  ,iv 

Appiovud  lot  public  inlouso;  < 
DlMilbubon  UnUn\it»d  I 


OVERLAND  FLOW  RESEARCH  REPORTS 


Tliis  is  one  of  a  series  of  reports  on  wastewater  treatment  by  overland  flow  published  by  the 
U.S.  Army  Cold  Regions  Research  and  Engineering  Laboratory.  Other  published  and  available 
reports  on  this  topic  are  listed  below. 

Jenkins,  T.F.  et  al.  ( 1*179)  Prototype  overland  tlow  test  data:  June  1977-May  197b.  CRREL 
Special  Report  79-35. 

Jenkins,  T.F.,  D.C.  Leggett,  C.J.  Martel  and  H.E,  Hare  (1981 )  Overland  flow:  Removal  of  toxic- 
volatile  organics.  CRREL  Special  Report  81-1. 

Martel,  CJ„  T.F.  Jenkins  and  A.J.  Palazzo  (1980)  Wastewater  treatment  in  cold  regions  by  over¬ 
land  flow.  CRREL  Report  80-7. 

Martel,  C.J.,  T.F.  Jenkins,  C.J.  Diener  and  P.L.  Butler  (1982)  Development  of  a  rational  design 
procedure  for  overland  flow  systems.  CRREL  Report  82-2. 

Palazzo,  A.J.  (1982)  Plant  growth  and  management  for  wastewater  treatment  in  overland  flow 
systems.  CRREL  Special  Report  82-5. 


For  conversion  of  SI  metric  units  to  US./ British 
customary  units  of  measurement  consult  ASTM 
Standard  E380,  Metric  Practice  Guide,  published 
by  the  American  Society  for  Testing  and  Materials, 
1916  Race  St.,  Philadelphia,  Pa.  19103. 


CRREL  Report  83-3 


January  1983 


Assessment  of  the  treatability  of 
toxic  organics  by  overland  flow 


T.F.  Jenkins,  D,C.  Leggett,  L.V.  Parker,  J.L.  Oliphant 
C.J.  Martel,  B.T.  Foley  and  C.J.  Diener 


Accession  For 

NTIS  CRAil 
DTIC  TAB  □ 

Unannounced  Q 

Justification-, _ 


By - - — _ 

Dint  ri  biit  i  on/ 

Availability  Codes 
Avail  und/or 
Dist  Special 


Ptepatec  (o> 

ENVIRONMENTAL  PROTECTION  AGENCY 
Approved  lot  public  leiease;  distribution  unlimited 


_  Unclassified 


security  classification  of  this  page  rwTion  D.f.  Bnt.r.aj 


REPORT  DOCUMENTATION  PAGE 


1  report  number 

CRREL  Report  8.1-3 


«.  TITLE  (and  Subthlo) 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


S.  RECIPIENT'S  CATALOG  NUMBER 


5.  TYPE  OF  REPORT  &  PERIOD  COVERED 


ASSESSMENT  OF  THE  TREATABILITY  OF 
TOXIC  ORGANICS  BY  OVERLAND  FLOW 


8  PERFORMING  ORG.  REPORT  NUMBER 


7.  AUTHOR(«J 

V. 

T.F.  Jenkins,  D.C.  Leggett,  L.V.  Parkei,  J.L.  Oliphant, 

C.J.  Martel,  B.T.  Foley  and  C.J.  Diener 


».  PERFORMING  ORGANIZATION  NAME  ANO  AD0RES5 

U  S.  Army  Cold  Regions  Research  and  Engineering  Laboratory 
Hanover.  New  Hampshire  037S5 


It.  CONTROLLING  OFFICE  NAME  AND  AOORESS 

U.S.  Environmental  Protection  Agency 
R.S.  Ketr  Environmental  Research  Laboratory 
Ada,  Oklahoma  74820 


A.  MONITORING  AGENCY  NAME  a  AOORESSfir  dUIaranl  (ran  Controlling  Otlica) 


8.  CONTRACT  OR  GRArT  NUMBERf.} 

Interagency  Agreement 
USEPA  4D96-F-I402-0 


10.  PROGRAM  ELEMENT,  PROJECT  TASK 
AREA  4  WORK  UNIT  NUMBERS 


I*.  REPORT  DATE 

January  1983 


IS.  NUMBER  OF  PAGES 

59 


IS.  SECURITY  CLASS,  fot  thta  rap ort) 


Unclassified 


IS#.  OECL  ASSIFl  C  ATION/  down  grading 
SCHEDULE 


18.  DISTRIBUTION  STATEMENT  fo (  thla  Raport) 


Approved  for  public  release;  distribution  unlimited. 


IT.  DISTRIBUTION  STATEMENT  (of  lh#  abaltact  antarad  tn  Block  SO.  If  tUlfarard  Rom  R apart) 


It.  KEY  WORDS  (CooUnua  on  ra-taraa  alda  U  naaaaaatr  «m(  Idanllfy  by  Mock  numkorj 

Land  treatment 
Organic  compounds 
Overland  flow 
Wastewater  treatment 


SVa  AWTwACT  fCwttwt  mtm  H  wmur  mA  hhnH6r  ky  MacH  «uaktj 

>The  removal  efficiency  for  13  trace  organics  in  wastewater  was  studied  on  an  outdoor,  prototype  overland  flow  land 
treatment  system.  The  removal  for  each  of  these  substances  was  greater  than  94%  at  an  application  rate  of  0.4  cm/hr. 
(O.iaOnVhr.m  i&width).  The  percent  removals  declined  as  application  rates  were  increased.  The  rate  of  removal  from 
solution  was  described  by  the  sum  of  two  mass-transport-limited,  first-order  rate  coefficients  representing  volatilization 
and  sorption.  A  model  'rased  on  the  two-film  theory  was  developed;  the  observed  removal  rate  coefficients  were  re¬ 
cessed  against  three  properties  of  each  substance;  the  Henry's  constant,  the  octanol-water  partition  coefficient  and  the 
molecular  weight.  The  dependence  of  the  removal  process  on  temperature  was  studied  and  is  included  along  with  . _ 


is  amt*  MIS 


rnnaaes  «  mow  •*  is  i 


_ Uc  classified _ _ 

SECURITY  CLASSIFICATION  OF  THIS  RAW  ( 


_  Unclassified _ 

MCUWTT  CLASSIFICATION  Of  THIS  FAOCfFTira  BiUmd) 

20.  Abstract  (cont’d). 

^average  water  depth  in  the  model.  The  decrease  in  removal  rate  as  temperature  declined  is  supported  by  the  known 
dependence  of  Henry’s  constant  and  diffusivitv  on  temperature.  The  model  was  validated  on  a  second  overland  flow 
system.  The  surface  soil  concentrations  of  the  trace  organics  determined  at  the  end  of  the  experiment  suggest  that  a 
secondary  mechanism  renews  the  surface  activity  rapidly  enough  so  that  contaminants  do  not  build  up  on  the  surface, 
with  the  possible  exception  of  PCB.  Biodegradation  is  suggested  as  the  predominant  secondary  mechanism  rather  than 
volatilization  because  substances  less  volatile  than  PCB  were  not  found  at  the  end  of  the  experiment. 

■'V 

\ 


Undmlfiwt 

MCUMTV  CLASSIFICATION  OF  THIS  PAOCfWhM  0«t* 


PREFACE 

This  report  was  prepared  by  Thomas  F.  Jenkins,  Research  Chemist .  Daniel  C.  Leggett.  Research 
Chemist:  Louise  V.  Parker,  Microbiologist.  Dr.  Joseph  L.  Oliphant,  Research  Physical  Scientist; 
and  Brian  T,  Foley,  Physical  Science  Aid,  of  the  Earth  Sciences  Branch.  Research  Division,  and 
C.  James  Martel,  Environmental  Engineer  and  Carl  J.  Diener,  Civil  Engineering  Technician,  of  the 
Civil  Engineering  Research  Branch,  Experimental  Engineering  Division,  U.S.  Army  Cold  Regions 
Research  and  Engineering  Laboratory  (CRREL),  Hanover,  New  Hampshire. 

The  authors  gratefully  acknowledge  the  assistance  of  Patricia  Butler.  Stephen  Muellet,  Susan 
Ossoff  and  Lisa  Campbell  of  CRREL  for  providing  analytical  assistance.  Antonio  J.  Palazzo  and 
and  John  M.  Graham  for  assistance  in  harvesting  and  vegetation  sampling  on  the  CRREL  overland 
flow  system,  and  Dr.  Robert  Smith  of  the  Civil  Engineering  Department,  University  of  California 
at  Davis,  for  cooperation  in  the  field  study  conducted  at  the  Davis  overland  flow  site. 

This  project  was  funded  under  Interagency  Agreement  USEPA  AD%-F-1402-0  by  the  U.S. 
Environmental  Protection  Agency,  Bert  Bledsoe,  Project  Officer,  R.S.  Kerr  Environmental  Re¬ 
search  Laboratory  (RSKERL).  The  authors  acknowledge  the  support  and  encouragement  of  Mr. 
Bledsoe  and  Dr.  Ray  Thacker,  EPA  Headquarters,  throughout  this  effort.  Although  the  research 
described  in  this  report  has  been  funded  by  the  EPA.  it  has  not  been  subjected  to  the  Agency's 
required  peer  and  policy  review  and  therefore  does  not  necessarily  reflect  the  views  of  the  Agency. 

This  report  was  technically  reviewed  by  Dr.  Robert  Smith,  Department  of  Civil  Engineering. 
University  of  California  at  Davis,  Dr.  Carl  Enfield  and  Dr,  William  Dunlap  of  RSKERL,  and  Sher¬ 
wood  Reed  of  CRREL. 

The  contents  of  this  report  are  not  to  be  used  for  advertising  or  promotional  purposes.  Citation 
of  brand  names  does  not  constitute  an  official  endorsement  or  approval  of  the  use  of  such  commer¬ 
cial  products. 


I 


iii 


CONTENTS 


Page 

Abstract .  i 

Preface .  iii 

Summary  . vi 

Introduction  .  1 

Overland  flow  . 1 

Occurrence  of  organics  in  wastewater .  2 

Properties  of  organics  . 3 

Microbial  degradation  of  organic  chemicals .  4 

Organics  removal  by  land  treatment  systems .  4 

Objectives  .  5 

Experimental  methods .  5 

Site  description,  Hanover  .  5 

Determining  average  detention  times .  7 

Addition  of  organics  tu  wastewater  .  8 

Field  experiment  at  Davis . . 8 

Water  sampling  at  Hanover .  9 

Water  analysis  .  9 

Analytical  precision . . .  1  i 

Soil  and  plant  sampling  r  ad  analysis .  1 3 

Results . 14 

Organics  removal  at  Hanover . 14 

Organics  removal  at  Davis . . . . .  1 7 

Accumulation  organics  in  soils  and  plants .  18 

Discussion .  19 

Removal  from  solution .  19 

Effect  of  temperature  on  removal  rates  ........... . . .  25 

Model  validation  using  data  from  the  Davis  site .  26 

Final  removal  processes .  26 

Summary  and  conclusions  .  28 

Literature  cited . 28 

Appendix  A.  Experimental  overland  flow  data,  Hanover . 31 

Appendix  B.  Downslope  removal  characteristics  of  selected  chemicals  at  CRREL  and  at 

Davis  . . . . .  45 

ILLUSTRATIONS 

Figure 

1.  CRREL  overland  flow  prototype . . . 6 

2.  Diagram  of  CRREL  overland  flow  system . . .  6 

3.  Example  of  C  curve  used  to  determine  detention  time  .  7 

4.  Davis,  California,  overland  flow  system . .  9 

5.  Division  of  organics  studied  into  classes  by  type  of  analysis  .  1 0 

6.  Rate  coefficients  vs  average  water  temperature . . . _ . .  16 

7.  Comparison  of  ranked  order  of  removal  rate  coefficients  at  CRREL  and  Davis  ...  18 

8.  illustration  of  the  two- film  theory  . .  20 

9.  Removal  rate  coefficients  vs  Aow .  23 


iv 


TABLES 


Table  Page 

1.  Occurrence  ot  organic  chemicals  in  household  products  . 2 

Application  rates  of  primary  wastewater  and  average  detention  times  of  waste- 
water  on  die  slopes .  6 

3.  Quantities  of  organics  used  to  prepate  stock  solution  .  8 

4.  Volatile  organics  studied  using  purge  and  trap  GC/’MS/SIM  .  10 

5.  Neutrals  analyzed  by  GC-tCD  on  OV-!  7  and  their  retention  times  .  1 1 

6.  Precision  of  neutral,  less  volatile  organics  analyst .  1 2 

7.  Precision  of  volatiles  analysts .  12 

8.  Precision  of  phenols  analysis .  1 2 

9.  Summary  of  water  analyses  for  applied  wastewatei  .  14 

10.  Summary  of  average  runoff  concentrations  for  each  substance  following  overland 

flow  treatment .  1 5 

1 1 .  Water  volumes  applied  to  overland  flow  and  volume  of  runoff .  15 

12.  Summary  of  average  removals  for  each  substance  by  overland  flow .  15 

13.  Summary  of  experimental  rate  coefficients . „ .  17 

14.  Results  of  water  analyses  for  Davis  field  experiment .  1 8 

15.  Concentration  of  PCB  1242  and  pentachlorophenol  in  soil  samples  .  19 

16.  Concentration  of  PCB  in  plant  samples .  19 

17.  Physical  properties  and  experimental  removal  rate  coefficients  at  20°C  for  the 

organic  chemicals  studied .  22 

18.  Experimental  and  predicted  values  for  the  removal  rate  coefficient  k  on  CRREL 

system  using  eq  1 6 . 24 

19.  Comparison  of  experimental  removal  rate  coefficients  at  20°  and  2. 5°C .  25 

20.  Experimental  versus  predicted  removal  rate  coefficients  for  the  Davis  site  .  26 


v 


SUMMARY 

Overland  flow  is  one  of  the  three  modes  of  wastewater  land  treatment.  In  this  mode,  waste- 
water  is  applied  to  the  top  of  a  gently  sloping,  grassy  terrace,  flows  downslope  over  the  surface  in 
a  thin  sheet,  and  is  renovated  by  physical,  biological  and  chemical  processes.  The  remaining  run¬ 
off  is  collected  at  the  base  of  the  slope  for  discharge.  While  much  is  now  known  about  the  per¬ 
formance  of  this  type  of  treatment  system  for  removing  nitrogen,  phosphorus,  solids,  oxygen  de¬ 
mand  and  bacteria,  little  information  has  been  reported  on  its  ability  to  remove  trace  levels  of 
toxic  organics. 

This  study  was  conducted  on  an  outdoor,  prototype  overland  flow  system  in  Hanover,  New 
Hampshire.  The  overland  flow  system  is  30.5  m  long  by  8.8  m  wide  and  is  divided  into  three  test 
sections.  During  construction  the  site  was  graded  to  „  5%  slope,  and  a  rubber  liner  was  emplaced 
and  covered  with  15  cm  of  silt  loam  soil.  The  soil  was  compacted  and  seeded  with  a  mixture  of 
grasses. 

For  this  study,  municipal  wastewater  was  given  primary  treatment,  spiked  with  a  number  of 
organic  substances,  and  applied  to  two  test  sections,  four  days  per  week,  seven  hours  per  day  from 
2  iune  to  1 1  December  1981.  Thiee  application  rates  were  tested,  and  the  detention  time  of 
wastewater  on  the  slope  was  determined  for  each  rate  using  the  centroid  of  die  C  curve  obtained 
using  a  sodium  chloride  tracer. 

About  once  a  week,  samples  of  the  applied  wastewater,  runoff  and  surface  water  from  a  num¬ 
ber  of  downslope  locations  were  analyzed  for  up  to  1 3  organics.  Analysis  of  the  most  volatile 
components  was  conducted  by  purge  and  trap  followed  by  gas  chromatography  mass  spectrom¬ 
etry  using  selective  ion  monitoring.  Analysis  of  the  less  volatile  components  was  obtained  by 
sequential  extraction  from  solution  using  the  microextraction  method.  First  the  neutrals  were 
extracted  using  hexane  after  the  pH  was  adjusted  to  1 2.  The  water  was  then  adjusted  to  pH  2, 
and  the  phenols  were  extracted  using  a  second  aliquot  of  hexane.  The  hexane  extracts  were  an¬ 
alyzed  using  electron  capture  gas  chromatography  and  high-performance  liquid  chromatography. 

The  analytical  precision  was  estimated  periodically.  For  the  volatiles  the  relative  precision 
was  about  ±15%.  For  most  of  the  less  volatile  neutrals  and  phenols,  we  estimate  the  precision  at 
±10%  and  ±15%,  respectively. 

Soil  and  plant  samples  were  collected  several  times  during  the  study  and  extracted  with  hexane- 
acetone.  The  extracts  were  analyzed  in  a  similar  manner  to  the  water  solutions. 

The  mean  concentrations  of  these  1 3  organics  in  the  applied  wastewater  ranged  from  1 1  to 
1 1 3  jug/L  with  an  average  of  about  50  fig/L.  At  a  hydraulic  loading  rate  of  0.4  cm/hr  (0.1 2 
m3/hrm  of  width)  in  the  summer,  greater  than  94%  removal  was  found  for  all  of  the  substances 
tested.  At  higher  application  rates,  runoff  concentrations  increased  and  percent  removals  declined. 
Later,  when  the  0.4-cm/hr  rate  was  reestablished  in  the  fall,  percent  removals  did  not  approach 
the  values  obtained  in  the  summer,  indicating  that  temperature  affects  the  removal  process. 

The  rate  of  removal  was  found  to  follow  first-order  kinetics,  and  the  removal  rate  coefficients 
were  obtained  from  {dots  of  In  C/C0  vs  residence  time,  where  C0  and  C  are  concentrations  at  zero 
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time  and  other  times,  respectively.  Removal  rate  constants  varied  somewhat  from  day  to  day,  but 
the  ranked  order  of  the  removal  rate  coefficients  for  different  substances  was  rather  consistent. 
Substances  with  the  highest  rate  coefficients  seemed  to  have  a  high  octanol-water  partition  cnel 
ticicnt  Xolv  or  a  moderate  A'ov>  and  a  high  Henry’s  constant.  From  this  result  we  conclude  that 
die  two  major  mechanisms  responsible  fot  removing  organics  from  solution  were  sorption  on  the 
surface  sod  organic  matter  and  volatilization. 

The  removal  rate  coefficients  were  determined  at  average  water  temperatures  ranging  from 
25.7°  to  2.5°C.  The  magnitude  of  the  rate  coefficient  declined  as  water  temperatures  decreased, 
probably  due  to  decreased  molecular  tliffusivity  as  the  viscosity  of  the  solution  increased.  Since 
the  number  of  individual  determinations  differed  for  each  substance  and  the  distribution  of  these 
determinations  varied  with  water  temperature,  values  of  die  rate  coefficient  at  20'C  were  obtained 
by  linear  least-squares  techniques  for  the  rate  coefficient  vs  water  temperature. 

Assuming  that  sorption  and  volar i ization  were  controlling  the  rate  of  removal  from  solution, 
we  developed  a  relationship  including  both  processes,  using  the  two-film  theory  for  each  interface. 
This  relationship  describes  the  rate  of  loss  for  a  specific  substance  as  a  function  o*  its  molecular 
weight  M.  its  Henry's  constant  H  and  its  octanol-water  partition  coefficient,  the  detention  time 
of  water  on  (he  slope,  the  average  water  temperature  and  the  average  depth.  The  magnitudes 
of  the  four  coefficients  for  this  model  were  obtained  by  multiple  regression  of  the  experimental 
rate  coefficient  at  20°C  vs  M,  H  and  Aow  for  each  substance.  The  resulting  equation  predicts  that 
sorption  is  more  dominant  than  volatilization  for  removing  organics  front  solution  by  overland 
flow,  even  for  the  most  volatile  substances  tested. 

The  effect  of  temperature  on  these  two  removal  mechanisms  was  also  assessed.  The  major 
effects  of  decreased  temperature  are  thought  to  be  a  reduction  in  the  molecular  diffusivity  due  to 
increased  viscosity  and  a  decrease  in  the  Henry’s  constant.  No  information  on  the  dependence  of 
X0iv  on  temperature  is  available.  An  equation  is  given  to  predict  the  removal  rates  at  temperatures 
other  than  20“C. 

The  model  seems  to  fit  the  experimental  data  for  the  CRREL  system  quite  well.  The  model 
was  tested  by  conducting  a  similar  study  at  the  overland  flow  system  in  Davis,  California.  The 
ranked  order  of  removal  rate  coefficients  from  solution  for  individual  substances  was  very  similar 
to  that  found  at  CRREL.  The  rate  constants  obtained  experimentally  at  Davis  were  compared 
with  those  predicted  from  the  model  for  the  water  temperature  and  depth  measured  on  the  Davis 
system.  In  general  the  agreement  between  experimental  and  predicted  values  was  good  except  for 
the  most  volatile  substances. 

The  analysis  of  the  plants  and  soils  collected  periodically  on  the  CRREL  system  indicated  that 
only  PCB  and,  to  a  much  smaller  extent,  pcntachloropheno!  were  building  up  in  the  soil  and  were 
being  taken  up  into  the  plants.  Thus  some  additional  removal  mechanisms,  probably  microbial 
degradation  and  volatilization,  must  be  operating  once  these  organics  are  sorbed  on  the  soil  organic 
matter.  The  fact  that  substances  less  volatile  than  PCB  were  not  found  to  build  up  suggests  that 
the  rate  of  biodegradation  is  fast  enough  so  that  it  doesn’t  limit  treatment  efficiency.  In  other 
words,  mass  transport  to  the  soil  surface,  not  secondary  removal,  limits  the  rate. 
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TOXIC  ORGANICS  BY  OVERLAND  FLOW 

T.l  .  Jenkins,  D.C.  Leyueu,  1..V.  Parker.  J.I..  Oliphain, 

C'.J.  Mariel,  B.T.  l  oley  and  C.J,  Dienei 


INTRODUCTION 

There  are  three  major  forms  of  wastewater  treat¬ 
ment  by  application  to  the  land.  These  are  rapid 
infiltration,  slow  rate  and  overland  (low  (EPA  1981 ). 
The  choice  of  which  form  of  land  treatment  is  best 
suited  for  a  given  locations  is  dictated  by  the  soil 
characteristics,  mainly  its  permeability.  Overland 
How  is  best  suited,  but  not  limited,  to  areas  with 
gently  sloping  terrain  having  heavy  soils  of  low  per¬ 
meability. 

Overland  flow 

In  overland  flow,  wastewater  is  applied  to  the  top 
of  vegetated,  gently  sloping  terrain,  flows  downslope 
in  a  thin  sheet,  and  is  renovated  by  physical,  chem¬ 
ical  and  biological  mechanisms-  The  runoff  is  col¬ 
lected  at  die  base  of  the  slope  and  discharged  to  a 
receiving  stream  in  the  same  fashion  as  the  effluent 
from  a  conventional  wastewater  treatment  plant. 

Overland  flow  has  been  used  successfully  to  treat 
municipal  wastewater  in  Melbourne,  Australia,  since 
1930  {McPherson  1979).  Even  so,  little  was  known 
about  the  mechanisms  govern  mg  the  removal  of 
specific  pollutants  until  the  1970*.  Thomas  et  al 
(1974)  found  that  suspended  matter  and  oxygen 
demanding  substances  could  be  removed  from  raw 
wastewater  to  such  a  degree  that  secondary  treat¬ 
ment  standards  could  be  met.  The  mechanisms  re¬ 
sponsible  for  this  reduction  were  postulated  to  be 
sedimentation,  filtration  and  microbial  degradation. 
Recently  Martel  et  al.  (1980)  and  Peters  et  al.(1981) 
determined  the  temperature  limits  of  this  process. 


Because  of  the  concern  over  eutrophication  in 
surface  waters,  these  studies  also  investigated  the 
ability  of  overland  flow  systems  to  remove  nitrogen 
and  phosphorus.  Thomas  et  al.  (1974)  found  that 
up  to  90%  of  the  applied  nitrogen  and  50%  of  the 
applied  phosphorus  could  be  amoved.  HoeppcI  et 

al.  (1974)  obtained  similar  results  and  postulated 
that  a  significant  portion  of  this  removal  was  due  to 
microbial  nitrification  and  denitrification  occurring 
in  the  soil,  although  they  did  not  consider  losses  by 
volatilization.  Jenkins  et  al.  (1978)  found  that  nitro¬ 
gen  removal  remained  high  until  the  soil  temperature 

w. s  reduced  to  about  I4°C.  Below  this  point  am¬ 
monia-nitrogen  removal  was  significantly  reduced. 
Peters  et  al.  (1981)  obtained  a  similar  result,  but 
the  magnitude  of  the  reduction  was  less  because 
they  used  a  lower-strength  wastewater.  Peters  et  al. 
also  reported  that  9%  of  die  nittogen  removal  was 
due  to  volatilization.  Jenkins  et  al.  (1978)  also  found 
that  ammonia-nitrogen  was  much  easier  to  remove 
than  nitrate.  Since  many  types  of  pretreatmenl  result 
in  some  oxidation  of  ammonia  to  nitrate,  preueat- 
ment  should  be  kept  to  a  minimum.  The  major  mech¬ 
anisms  for  removing  nitrogen  appear  to  be  plant  up¬ 
take,  microbial  nitrification  and  denitrification,  im¬ 
mobilization  in  soil  and  volatilization  of  ammonia, 
although  there  is  some  disagreement  about  their  rela¬ 
tive  importance. 

Overland  flow  by  itself  was  not  particularly  effec¬ 
tive  in  removing  phosphorus.  However,  removal 
could  be  increased  to  about  90%  by  adding  alum 
prior  to  application  on  the  land  (Thomas  et  al- 1976, 
Peters  et  il.  1981).  There  is  some  doubt,  however. 


whether  overland  flow  should  be  considered  tor  areas 
in  which  the  discharge  would  afte-ct  a  phosphor uv 
llimted  stream. 

The  ability  of  overland  flow  systems  to  remove 
heavy  metals  has  also  been  studied,  lloappel  et  al. 

(19 74  r  found  removal  efficiencies  ranging  from  ~f 
to  95"r  for  six  heavy  metals  on  a  small-scale.  indoor 
prototype,  with  most  of  the  removal  occurring  in 
the  first  meter  of  the  slope.  Peters  et  al.  t !  Oh  I ) 
obtained  similar  results  on  a  full-scale  test  svstem 
where  four  heavy  metals  were  studied;  the  removal 
efficiencies  ranged  from  S5f;  to  04'; .  These  heavy 
metals  accumulated  over  tune  tn  the  soil  biomass 
and  were  taken  up  in  plants,  particularly  upslopc 
near  the  point  of  application.  While  there  is  some 
concern  over  translocation  of  these  metals  in  the 
food  chain,  Evans  el  al.  (1979)  found  that  tins  was 


not  observable,  even  when  cattle  were  allowed  lo 
forage  directly  on  an  overland  flow  slope. 

These  srudies  have  greatly  increased  our  under¬ 
standing  ol  the  treatability  of  many  types  of  pol- 
'utanfs  by  overland  flow  .  but  little  information  has 
been  provided  on  the  ability  of  overland  How  to  re¬ 
move  toxic  organics.  In  all  eai'iei  study  (Jenkins 
et  al.  19s l )  we  found  that  volatile  organics  weie 
removed  effectively  by  overland  flow  ,  with  treat¬ 
ment  efficiencies  ranpng  Item  80r<  to  lOCc;.  depend¬ 
ing  on  the  application  i ale.  It  was  suggested  that  the 
mechanism  lot  this  removal  was  volatilization. 

Occurrence  of  organics  in  wastewater 

Tlte  average  American  uses  about  1  bO  L  of  water 
per  day  (Hathaway  19g0).  Tins  water  is  used  for 
toilet  flushing,  bathing,  cooking.  laundering,  washing 
dishes  and  cleaning.  The  wastewater  generated  from 


Table  1 .  Occurrence  of  organic  chemicals  in  household  products.  (After  Hathaway 
19801 


Product 

Classes  of  organics 

Product 

Classc’  of  organics 

Deodorizers 

Aromatics 

Medicines 

Aromatics 

Haloaromatics 

Halomethanes 

Haloaliphatics 

Halophenols 

PAH 

PAH 

Halophenols 

Preservatives 

Aromatics 

Disinfectants 

Haloaromatics 

PAH 

Halophenols 

Haloaroma.ics 

Haloaliphatics 

Haloethers 

Halophenols 

Pesticides 

Haloaromatics 

Haloaliphatics 

Cleaners 

Aromatics 

Halo  methanes 

Hakiaroinatks 

Phthalates 

Haloaliphatics 

PAH 

Laundry  products 

Aromatics 

Halophenols 

and  soaps 

Nitroaromatics 

PAH 

Cosmetics 

Haloelhers 

Phthalates 

Aromatics 

Halophenols 

Phthalates 

Nitroaromatics 

Medicinal  ointments 

Aromatics 

Halomethanes 

PAH 

Haloaliphatics 

H  aloe  t  Hers 

PAH 

Halophenols 

Electrical 

PCBs 

Paints 

Haloethers 

Halophenols 

Aromatics 

appliances 

Polishes 

Nitroaromatics 

Phthalates 

Haloaliphatics 

Haloafomatks 
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this  use  contains  a  number  ol  types  of  "natural' 
organic  matter  derived  from  human  waste,  including 
urea,  proteins,  humic  materials,  carbohydratcs. 
tanntns,  lignins  and  tally  acids  (Kcbhun  and  Manka 
1971 ).  These  classes  of  organics  are  of  little  con¬ 
cern  from  a  toxicity  standpoint,  but  as  a  group 
they  create  a  major  portion  of  the  oxygen  demand 
on  receiving  streams. 

Additionally,  in  nearly  all  of  these  uses,  various 
synthetic  organic  chemicals  are  dissolved  and  become 
associated  with  the  waste  stream.  These  include  a 
wide  variety  of  synthetic  organics  that  are  compon¬ 
ents  of  cleaners,  cosmetics,  deodorizers,  disinfect¬ 
ants,  pesticides,  soaps  and  detergents,  paints,  pol¬ 
ishes.  preservatives  and  medicines  (Hathaway  1980). 
Thus,  even  wastewater  with  no  industrial  component 
contains  low  levels  of  a  number  of  synthetic  organ¬ 
ics.  many  listed  on  the  KPA  Priority  Pollutant  List 
(Buddeand  Eieheibetget  1979).  Some  examples  of 
the  various  classes  of  organics  and  their  presence  in 
household  products  are  given  in  Table  1 .  Wastewaters 
also  having  a  significant  mdustnal  component  mas 
periodically  contain  nearly  any  of  the  chemicals  on 
the  EPA  Priority  Pollutant  List.  While  these  sub¬ 
stances  will  generally  be  present  at  very  low  concen¬ 
trations,  many  are  difficult  to  degrade  biologically 
and  are  thought  to  be  rather  potent  carcinogens.  In 
addition,  the  occurrence  of  these  substances  in  waste- 
water  can  cause  problems  in  some  types  of  conven¬ 
tional  treatment  because  of  their  toxicity  to  micro¬ 
organisms  (Anthony  and  Breimhurst  1981 ), 

Properties  of  organics 

The  organic  priority  pollutants,  unlike  most  in¬ 
organic  substances,  are  all  volatile  to  some  degree. 
Vapor  pressures  at  20  “C  range  from  as  high  as  1 8,600 
Pa  (139.5  ton)  for  chloroform  to  as  low  as  0.05  Pa 
(4X10-4  torr)  for  pentachlorophenol.  The  solubil¬ 
ities  of  these  organics  in  water  also  vary  widely  but 
in  genera]  are  much  lower  than  the  inorganics  of 
major  concern  from  a  treatment  standpoint.  Chloro¬ 
form,  for  example,  has  a  water  solubility  of  about 
9300  mg/Lat  25°C,  while  phenanthrene’s  solubility 
at  this  temperature  is  only  1 .29  mg/L.  For  those 
organics  with  very  low  solubility,  a  single  spill  could 
contaminate  the  waste  stream  for  long  periods  as 
the  substance  slowly  dissolves. 

The  proportion  of  a  volatile  substance  present  in 
the  vapor  phase  at  equilibrium  with  a  water  solution 
is  a  function  of  both  its  vapor  pressure  and  its  water 
solubility.  Numerically  this  equilibrium  value  is 
often  expressed  as  the  Henry’s  law  constant,  which 
can  be  calculated  in  a  variety  of  units.  In  any  of 
theie  forms  the  higher  the  value,  the  higher  the  pro¬ 
portion  of  the  substance  in  the  vapor  phase.  For 


example,  chloroform  has  a  Henry  s  law  constant  «f 
340  Pa  in-Vnioie  (3.4a  IO~j  atm  m3/nioIe)ai  20~C, 
while  pentachlorophenol  has  a  value  o!  0.21  Pa  m^i 
mole  (2.1  x  I0-6  atm  nt3/mole).  This  means  that  at 
equilibrium,  in  solutions  of  equal  concentration,  ovet 
1000  times  as  much  chloroform  (on  a  molar  basts)  as 
pentachlorophenol  would  be  present  in  the  vapor 
phase.  When  water  solutions  of  these  substances  are 
exposed  to  the  open  atmosphere,  as  occurs  in  overland 
flow,  equilibrium  will  never  be  achieved,  because  ot 
removal  by  wind  and  gas  diffusion.  However,  the  re¬ 
moval  rates  of  volatile  substances  from  water  solutions 
can  be  expressed  as  functions  of  the  Henry's  law  con¬ 
stant  (Liss  and  Slater  1974).  Thus,  in  this  case,  chloro¬ 
form  should  be  volatilized  from  water  solution  much 
faster  titan  pentachlorophenol.  As  a  rule  the  higher 
the  vapor  pressure  and  the  lower  the  water  solubility, 
the  higher  the  Henry’s  law  constant  and  the  higher  the 
removal  rate  by  volatilization. 

Another  important  property  of  organic  chemicals 
in  water  solution  is  their  tendency  to  associate  with 
organic  surfaces  such  as  are  present  on  suspended 
particulates  and  soil  organic  matter.  Al  equilibrium 
the  relative  concentration  of  the  specific  organic  in 
water  solution  compared  to  that  on  the  organic  sur¬ 
face  is  characterized  by  a  partition  coefficient.  This 
coefficient  differs  significantly  from  one  organic  chem¬ 
ical  to  another.  Researchers  have  found  it  useful  to 
simulate  this  value  using  octancl  as  a  model  for  soil 
otganic  mattei  (Karickhoff  1981 ).  Thus,  knowing  the 
octanol-water  partition  coefficient  and  the  amount  of 
organic  carbon  preseni,  one  can  compare  the  relative 
sorptive  properties  of  several  organic  chemicals  on 
soils  and  sediments.  Numerically  octanol-water  par¬ 
tition  coefficients  vary  over  a  wide  range  and  are  con¬ 
veniently  expressed  on  a  log  basis  (log  A^,).  Chloro¬ 
form,  for  example,  has  a  log  Aow  of  1.96  at  about 
:0°C.  while  phenanthrene  has  a  log  of  4.5.  Thus, 
for  equal  concentrations  of  chloroform  and  phenan¬ 
threne  in  water  solution  at  equilibrium,  nearly  500 
times  as  much  phenanthrene  as  chloroform  would 
be  sorbed  on  a  given  amount  of  organic  surface. 

In  overland  flow  systems,  organic  chemicals  in 
solution  are  exposed  to  a  large  amount  of  organic 
surface  as  suspended  particulates,  soil  organic  matter 
and  vegetation.  The  water  flows  past  these  surfaces 
rapidly,  however,  with  linear  velocities  in  the  range 
of  0.1  -1.0  cm/s.  Schwarzenbach  and  Westall  (1981) 
have  used  soil  columns  to  show  that  equilibrium  was 
not  achieved  between  water  and  soil  at  linear  veloc¬ 
ities  of  10-J  cm/s  and  grea.’-.  Thus,  in  overland 
flow,  water  flows  over  these  surfaces  much  too  fast 
for  equilibrium  to  be  achieved.  Nevertheless  the 
relative  rate  of  removal  from  solution  due  to  sorp¬ 
tion  for  various  organics  may  be  a  function  of  their 


octanol-water  partition  coefficient.  If  this  is  tine, 
phenanthrcne  should  be  removed  much  tarter  than 
chloroform  by  this  mechanism. 

Microbial  degradation  of  organic  chemicals 

Organics  vary  in  their  rate  of  microbial  degrada¬ 
tion.  Some  persist  in  nature  and  may  be  stable  in¬ 
definitely ,  while  others  are  degraded  to  some  extent 
under  most  environmental  conditions.  Among  the 
most  persistent  are  certain  pesticides  and  PCBs 
(Alexander  197 3).  While  degradation  ot  most  organ¬ 
ics  is  aerobic,  some  are  degraded  both  aerobically 
and  anerobicallv  (Liu  et  al.  198|)and  others  only 
under  anaerobic  conditions  (Bouwer  et  al.  1981b. 
McCormick  ct  al.  1981).  Where  degradation  occurs 
aerobically  and  anerobieally,  the  rate  is  generally 
faster  under  aerobic  conditions  (Delaune  ct  al.  1980. 
Liuet  al.  1981).  Microorganisms  commonly  present 
in  soils  and  water  are  capable  of  degrading  many  or- 
ganics  and  using  the  organic  compounds  as  sole 
sources  of  carbon.  However,  concentrations  of  trace 
organic  chemicals  in  wastewater  at  land  treatment 
systems  will  generally  be  too  low  to  support  micro¬ 
bial  growth.  In  this  instance  the  microbes  may  min¬ 
eralize  (Rubin  et  al.  1982,  Subba-Rao  et  al.  1982) 
or  alter  (Herbes  and  Schwall  1978,  Liu  et  al.  1981 . 
McCormick  et  al.  1981)  the  chemicals  but  in  such 
small  amounts  that  they  derive  little  benefit. 

Incorporation  of  a  substituent  in  a  molecule  can 
often  have  dramatic  effects  on  its  potential  for  and 
its  rate  of  degradation.  The  type  of  substituent,  the 
placement  of  the  substituent  in  the  molecule,  and 
the  number  of  substituents  are  important.  Other 
structural  features,  such  as  multiple  branching,  the 
presence  of  two  methyl  groups  on  a  single  carbon, 
or  the  presence  of  a  quaternary  carbon  near  the  end 
of  an  alkyl  chain,  can  be  a  significant  deterrent  to 
degradation  (Alexander  1973).  Polycyclic  aromatic 
hydrocarbons  with  more  than  three  rings  appear  to 
be  very  resistant  to  degradation  (Herbes  and  Schwall 
1978,  Sherrill  and  Sayler  1980). 

While  a  component  may  have  the  potential  for 
degradation,  it  is  the  environmental  conditions  that 
will  dictate  its  rate.  Tire  required  types  of  microor¬ 
ganisms  must  be  present,  as  well  as  sufficient  nutri¬ 
ents  to  maintain  the  population.  Both  the  concen¬ 
tration  of  organisms  (Paris  et  al.  1981)  and  the  con¬ 
centration  of  the  compound  to  be  degraded  (Rubin 
et  al.  1982,  Subba-Rao  et  at.  1982)  are  critical.  The 
physical  ar.d  chemical  properties  of  a  compound, 
such  as  solubility,  volatility  and  hydrophobicity, 
determine  its  availability  in  solution  (Kobayashi  and 
Rittman  1982).  Compounds  with  low  water  solu¬ 
bility  degrade  at  slower  rates  than  more  soluble 
substances  (Alexander  1973.  Wilson  et  al.  1981). 


Temperature  is  significant  since  microbial  activity 
increases  exponentially  over  the  0-20°C  range. 

In  an  overland  flow  system  the  water  has  a  iela- 
tively  short  detention  time  on  the  slope,  generally 
from  a  hail  to  two  hours  (Martel  et  al.  1982).  This 
is  probably  too  short  for  significant  degradation  to 
occur  in  solution.  We  studied  degradation  rates  of 
toluene  and  chloroform  in  wastewater  and  found  that 
it  is  slow  compared  to  the  detention  times  for  overland 
flow  (Jenkins  et  al.  1981 ).  The  surface  to  which  the 
waiei  is  exposed.  Siowevei,  is  luigcL.  organic  (Peters 
et  al.  1981 ).  and  significant  sorption  should  occur. 
Once  this  takes  place  and  the  organics  are  immobil¬ 
ized  on  the  soil  surface,  degradation  seems  much  more 
likely.  Herbes  ( 1981 )  found  that  organic  chemicals 
degraded  faster  in  soils  and  sediment  than  in  water . 
Since  wastewater  is  applied  to  many  systems  only 
eight  hours  per  day.  even  if  the  soil  temporarily  be¬ 
comes  anaerobic,  the  site  has  sixteen  hours  to  re¬ 
aerate  between  applications.  During  these  periods 
the  organics  are  exposed  to  a  nutrient-rich  environ¬ 
ment  with  a  high  level  of  microbial  activity. 

Organics  removal  by  land  treatment  systems 

Except  for  our  previous  study  of  volatile  organics 
(Jenkins  et  al.  1981 )  there  is  almost  no  information 
on  the  removal  of  organic  chemicals  in  overland  now- 
systems.  We  found  excellent  removal  of  several  chlor¬ 
inated  aliphatics,  toluene,  benzene  and  chlorobenzene, 
which  we  tentatively  attributed  to  volatilization.  We 
recognize,  however,  that  the  data  available  do  not 
rule  out  sorption  followed  by  biodegradation.  Some 
information  is  available  on  organic  removal  in  other 
types  of  land  treatment  systems  as  well  as  for  deep 
wet*  'njection.  At  the  slow  rate  system  in  Muskegon. 
Michigan,  most  of  the  60  or  so  organics  detectable 
in  the  influent  were  removed  to  below  detection 
limits  in  the  effluent  (Demirjian  1979).  Of  those 
still  detectable,  over  75%  removal  was  observed.  At 
a  prototype  slow  rate  system  in  Hanover.  New  Hamp¬ 
shire.  Jenkins  and  Palazzo  (1981)  found  greater  than 
98%  removal  of  several  volatile  organics,  some  having 
been  applied  for  as  long  as  seven  years.  Some  of  this 
removal  was  shown  to  be  due  to  volatilization  during 
sprinkler  application. 

in  some  rapid  infiltration  tests,  on  the  other  hand, 
poor  removals  and  small  retardation  factors  were 
observed  when  organics  were  applied  to  soil  columns 
containing  a  sandy  soil  with  low  organic  carbon  con¬ 
tent  (Wilson  et  al.  1981).  In  this  study,  large  per¬ 
centages  of  very  volatile  substances  volatilized  from 
the  soil  columns,  but  the  water  was  not  allowed  to 
pond  on  the  surface  as  it  does  in  operating  rapid  in¬ 
filtration  systems,  in  another  soil  columr  experiment 
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with  soil  from  the  Flushing  Meadows  site,  Bouwer 
ct  al.  (1981a)  found  attenuation  of  some  organics 
during  tapid  infiltration  and  attributed  this  removal 
to  biodegradation.  Other  substances,  such  as  chlor¬ 
oform,  were  not  attenuated  significantly.  In  a  field 
experiment  at  the  Phoenix  23rd  Ave.  site,  Tornson 
ct  al.  ( ld8 1)  found  70-100"  removals  of  organics, 
depending  on  the  class,  using  the  same  wastewater 
as  Bouwer.  The  depth  of  sampling  for  Tomson's 
field  study  was  18.2  m,  however,  compared  to  2.S 
m  for  Bouwer’s  column  studv. 
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groundwater  recharge  was  studied  by  Roberts  et  al. 
(1980).  Some  compounds,  such  as  naphthalene, 
were  attenuated, apparently  due  to  biodegradation. 
The  movement  of  all  substances  was  retarded  to 
some  extent  by  sorption. 

The  transport  of  organic  chemicals  in  the  sub¬ 
soil  has  been  reviewed  by  McCarty  et  al.  (1981 ) 
and  Schwarzenbach  and  Westall  (1981).  The  move¬ 
ment  of  specific  chemicals  was  related  to  their  oc- 
tanol-water  partition  coefficients  and  the  percentage 
of  soil  organic  matter,  conclusions  ■similar  to  those 
reported  earlier  by  Lambert  et  al.  (1965). 

In  summary  these  results  indicate  that  in  the 
absence  of  biodegradation  and  to  some  extent  vol¬ 
atilization,  little  attenuation  of  organic  chemicals 
should  occur  in  rapid  infiltration  systems,  although 
the  movement  will  be  retarded  depending  on  the 
soil  organic  matter  content  and  the  respective 
octanol-water  partition  coefficients.  Whether  or 
not  biodegradation  is  significant  in  these  systems 
seems  to  depend  on  the  depth  to  groundwater  and 
the  rate  of  biodegradation  relative  to  the  rate  of 
movement  in  the  soil.  The  rate  of  biodegradation 
seems  very  haid  to  predict;  as  was  stated  by  Wilson 
et  al.  (1981),  “biodegradation  studies  only  indicate 
a  potential  for  degradation,  which  may  or  may  not 
be  realized  in  the  field  at  a  particular  place  and  time.” 

In  slow  rate  systems,  on  the  other  hand,  the  re¬ 
moval  of  organics  is  significantly  improved.  Because 
the  rate  of  application  is  much  lower  and  significant 
water  loss  occurs  by  evapotranspiration,  the  rate 
of  movement  to  groundwater  is  much  slower,  allow¬ 
ing  more  time  for  degradation.  Volatilization  of 
the  most  volatile  organics  is  significant  during  spray 
application  and  probably  also  from  the  soil  surface 
during  drying  periods.  Some  volatilization  has  also 
been  indicated  in  rapid  infiltration  systems  (Bouwer 
etal.  1981,  Wilson  etai.  1981),  but  to  a  snuller  ex¬ 
tent  thin  in  slow  rate  systems. 

Objectives 

The  major  objectives  of  this  research  project 
were: 


1 )  To  determine  the  treatability  ot  a  number  of 
toxic  organics  by  overland  flow  land  treatment  as  a 
function  of  detention  time  on  the  slope. 

2)  To  determine  the  removal  kinetics  associated 
with  each  of  these  substances, 

3)  To  identify  the  major  removal  mechanisms  for 
the  various  substances  and  compare  their  relative 
importance. 

4)  To  evaluate  the  effect  of  temperature  on  the 
treatment  efficiency. 

5)  To  determine  if  these  substances  accumulate 
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grown  on  the  slope. 

6)  To  develop  a  mathematical  relationship  to  pre¬ 
dict  the  treatability  of  a  wide  variety  of  organic 
chemicals  as  a  function  of  their  individual  physical 
properties. 


EXPERIMENTAL  METHODS 

Site  description,  Hanover 

Tlie  major  portion  of  this  study  was  conducted 
on  an  outdoor  prototype  overland  flow  system  al 
CRRELin  Hanover,  New  Hampshire  (Fig.  1).  The 
system  was  constructed  in  1975;  wastewater  has  been 
applied  since  the  summer  of  1976. 

Die  overland  flow  prototype  is  30  5  m  long  by 
8.8  m  wide  and  is  divided  into  three  test  sections, 
each  1 .9  lit  wide  (Fig.  2).  During  construction  the 
site  was  graded  to  a  5%  slope,  underlain  with  a  rub¬ 
ber  membrane,  and  covered  with  about  15  cm  of 
silt  loam  soil.  The  soil  was  compacted  to  a  bulk 
density  of  1 .4  g/cmJ  and  seeded  with  a  mixture  of 
K-31  tall  fescue,  Pennlate  orchardgrass,  reed  canary- 
grass  and  penenia)  ryegtass  (Martel  ct  al.  1980). 

When  this  study  was  begun  in  June  1981,  the  domin¬ 
ant  plants  were  reed  canarygrass,  quackgrass  and 
Kentucky  bluegrass,  with  lesser  amounts  of  tall  fescue, 
orchardgrass  and  barnyardgrass  (Palazzo  1982). 

Municipal  wastewater  from  a  small  housing  area 
was  given  primary  treatment  and  stored  in  a  concrete, 
subsurface  storage  tank  (Jenkins  et  al.  1981).  While 
the  wastewater  composition  varied  considerably  from 
day  to  day,  typical  values  for  total  organic  carbon  (TOC), 
biochemical  oxygen  demand  (BOD),  total  suspended 
solids,  total  nitrogen,  pH  and  specific  conductance 
were  55  pg/L,  85  mg/L,  1 10  mg/L,  25  mg/L,  7.2,  and 
500 pmhos/cm,  respectively.  This  primary  wastewater 
was  applied  to  two  overland  flow  prototypes  (sections 
A  and  B)  from  2  June-1 1  December  1981  on  a  four 
day  per  week,  seven  hour  per  day  basis.  Section  C 
was  not  used  for  this  experiment.  Water  not  lost  by 
evapotranspiration  was  collected  at  the  base  of  the 
slope  in  galvanized  steel  tanks,  its  volume  was 
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measured  by  pumping  through  a  water  meter,  and 
it  was  discharged  to  the  municipal  Hanover  sewer. 

The  hydraulic  loading  rate  was  varied  during  the 
experiment  from  0.40  cm/hr  to  1 .20  cm/hr  (Table 
2)(0.12~0.50  mJ/hrm  of  width). 

Determining  average  detention  times 

The  average  detention  time  of  wastewater  on  the 
slope  at  each  application  rate  was  determined  at 
hydraulic  steady  state  by  use  of  a  sodium  chloride 
tracer.  A  pulse  of  tracer  was  added  to  the  waste¬ 
water  as  a  "slug  addition"  to  the  distribution  cham¬ 
ber  in  the  constant  head  weirbox,  and  the  tracer 
concentration  in  the  runoff  leaving  the  slope  was 
measured  as  a  function  of  time  (Martel  et  al.  1482). 
The  curve  of  tracer  concentration  vs  time  is  known 
in  a  reactor  engineering  as  the  C  curve  (Levenspiel 
1972).  An  example  of  this  type  of  curve  is  shown 
in  Figure  3.  In  a  recent  report  Martel  et  al.  (1982) 
introducted  the  concept  of  a  detention  time  to 
correlate  reaction  rate  data  for  overland  flow  sys¬ 
tems.  They  assumed  that  the  average  detention 
time  of  water  on  the  slope  was  at  the  maximum  of 
the  C  curve.  Figure  3  shows  that  the  C  curve  is  some¬ 
what  asymmetric.  The  average  detention  time  t  is 
at  the  "center  of  gravity”  of  the  area  under  the  C 
curve,  and  because  of  the  asymmetry,  it  is  somewhat 
greater  than  that  of  the  C  curve  maximum. 

To  measure  t  accurately,  the  entire  C  curve  would 
be  needed  and  its  center  of  gravity  determined.  The 
C  curves  obtained  for  the  overland  flow  slopes  had 
tong  tails,  so  it  was  impractical  to  obtain  the  entire 
curve.  Also,  there  was  the  possibility  that  tracer 
was  lost  on  the  slope.  This  makes  it  difficult  to 


Figure  3.  Example  of  C  curve  used  to  determine  detention  time. 


determine  the  area  under  the  C  curve  properly,  espec¬ 
ially  under  the  long,  slowly  decreasing  tail.  There¬ 
fore,  the  following  expedient  was  used  to  estimate 
1  more  realistically  than  by  using  the  C  curve  maxi¬ 
mum.  It  was  assumed  that  diffusion  and  backmtxing 
on  the  slope  could  be  modeled  as  a  series  of  well- 
stirred  reactors.  With  this  model  an  equation  for  the 
C  curve  of  the  form 

C  =  mJi)NSl  e-.v,/7  ()) 

i  T(Ar-l ) 

can  be  obtained  (Levenspiel  1972).  In  this  equation. 
N  is  the  number  of  mixed  tanks  in  series  and  f  is 
time.  The  term  ['(A'-l )  is  the  gamma  function  or 
generalized  factorial  of  AM.  A  nonlinear  least- 
squares  regression  analysis  was  used  to  adjust  the 
parameters  N  and  /  in  eq  1  to  obtain  the  closest  fit 
possible  to  the  experimental  data.  The  best  fit  for 
the  data  in  Figure  3  was  obtained  with  t  -  35.S  and 
N  —  1 7.7_  In  this  case,  as  well  as  in  all  the  others 
studied,  t  is  longer  than  the  C  curve  maximum  shown 
in  Figure  3.  The  higher  the  value  of  N ,  the  less  back- 
mixing  and  diffusion  is  taking  place  on  the  slope. 
Figure  3  shows  that  while  cq  1  does  a  reasonably 
good  job  of  fitting  the  main  part  of  the  experimental 
C  curve,  it  does  not  fit  the  tail  of  the  curve  well.  The 
tail  is  caused  by  dead  spaces  on  the  slope,  and  a  much 
more  complex  model  that  takes  this  into  account 
would  be  required  to  fit  the  tail  data.^ 

Using  this  approach  we  calculated  t  for  each  test 
section  at  each  application  rate  (Table  2).  The  value 
of  I  calculated  from  the  peak  of  the  C  curve  is  also 
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given  for  comparison.  Tlie  detention  times  calculated 
Irom  both  sets  of  data  were  always  considerably 
shorter  for  section  A  than  for  section  B.  Winter 
frost  action  had  caused  channeling  on  slope  A.  re¬ 
sulting  in  a  short  circuit  and  a  shorter  detention  time. 
For  this  reason,  most  of  the  data  in  this  report  were 
collected  on  section  B. 

Addition  of  organics  to  wastewater 

A  stock  solution  of  trace  organics  was  prepared 
by  diluting  the  quantities  of  each  substance  given  in 
Table  3  to  3  Lwith  l -butanol.  Approximately  20 
mL  of  this  solution  was  added  to  the  wastewater 
storage  tank  each  day,  and  the  tank  was  stirred  for 
one  hour  prior  to  application.  The  primary  waste- 
water  was  spiked  with  these  organics  with  each  ap¬ 
plication,  whether  samples  were  collected  or  not. 
Since  die  storage  tank  holds  approximately  5000  L 
of  wastewater,  Che  amount  of  each  substance  added 
brought  the  concentration  in  the  storage  tank  to  the 
values  shown  in  Table  3.  From  28  October  through 
the  end  of  the  study,  0.5  mLof  nitrobenzene  was 
also  mixed  with  the  spike  solution  and  added  on  a 
daily  basis  to  the  storage  tank,  resulting  in  an  esti¬ 
mated  concentration  of  120  pg/L.  This  was  done  to 
determine  if  the  poor  removal  efficiencies  during 
this  period  were  due  to  the  accumulation  of  sub¬ 
stances  applied  since  June  or  to  seasonal  effects. 

As  in  an  earlier  study  (Jenkins  et  al.  1981),  tol¬ 
uene  was  present  at  detectable  levels  on  a  daily  basis 
in  the  primary  wastewater  used  in  this  study.  The 
source  of  toluene  in  the  waste  stream  is  unknown. 
Another  substance  that  was  not  intentionally  added 
was  also  observed  in  the  wastewater,  but  it  was  found 
to  originate  from  our  stock  solution.  This  substance 


was  subsequently  found  to  have  originated  as  an  im¬ 
purity  in  the  bromoform  and  was  identified  as  di- 
broinuchloromethane. 

Field  experiment  at  Davis 

To  confirm  the  results  from  the  CRRLL  experi¬ 
ments,  a  field  study  was  conducted  at  the  Davis, 
California,  overland  flow  system  on  10  December 
1981 .  The  experiment  was  run  in  the  test  area  used 
by  researchers  of  the  University  of  California  at  Davis 
to  study  the  performance  of  the  system  using  primary 
wastewater.  The  air  temperature  at  the  time  of  the 
study  was  I6°C  (61°F). 

Tile  experiment  at  Davis  was  conducted  on  one 
overland  flow  section  measuring  25.6  m  wide  by  41.5 
m  long  (Fig.  4).  The  soil  at  Davis  is  Clear  Lake  clay, 
and  the  site  was  graded  to  a  2%  slope.  The  dominant 
plant  species  is  tall  fescue.  The  application  rate  used 
for  tlie  study  was  64.4  L/min,  or  0.16  m3/hr-in  of 
width. 

For  the  Davis  experiment  the  organic  slock  solu¬ 
tion  described  earlier  was  amended  with  nitrobenzene, 
benzene  and  toluene.  Approximately  1  20  mL  of  this 
stock  was  dissolved  in  one  gallon  of  methanol,  and 
tire  resulting  solution  was  pumped  into  the  wastewater 
distribution  line  with  a  peristaltic  pump  at  a  rate  of 
10  niL/min.  Wastewater  spiked  with  these  organics 
was  applied  to  the  system  for  over  two  hours  before 
samples  were  collected.  Wastewater,  runoff  and  sur¬ 
face  water  samples  were  then  carefully  collected  in  a 
manner  similar  to  that  used  at  the  Hanover  site,  ex¬ 
cept  that  the  stainless  steel  tubing  was  not  used. 

The  samples  were  immediately  cooled  in  an  ice 
chest  and  shipped  cold  to  CRREL.  The  volatiles  were 
analyzed  and  the  other  substances  extracted  within 


Table  3.  Quantities  of  organics  used  to  prepare  stock  solution. 


Estimated  concert  tru- 


Substance 

Class 

Mass  added 

.  Ill 

tion  in  storage  tank 

(us! LI 

Chloroform 

Halo  form 

30.0 

40 

Bromoform 

Haloform 

78.0 

104 

Chlorobenzene 

Haloaromatic 

75.0 

100 

m-Nitrotoluene 

Nitroaromatic 

75.5 

101 

Naphthalene 

PAH 

75.0 

100 

Phenanthrene 

PAH 

75.0 

100 

PCB  1242 

PCB 

75.0 

too 

2-Chloroethylvinylether 

Haloether 

75.0 

100 

Diethylphthalate 

Phthalate  ester 

75,0 

too 

o-Chlorophenol 

Halophenol 

86.0 

115 

Pentachlorophenol  - 

Halophenot 

85.5 

114 

2, 4  Dinitrophenol 

Nitrophenol 

78.5 

105 
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Figure  4.  Davis,  California,  overland  flow  system. 


26  hours  after  the  samples  were  collected;  the  meth¬ 
ods  for  doing  this  will  be  described  later. 

Tlie  samples  were  analyzed  for  BOD.  TOC.  total 
N  and  total  suspended  solids  by  Dr.  Robert  Smith 
of  the  University  of  California  at  Davis  using  stan¬ 
dard  procedures. 

Water  sampling  at  Hanover 

Samples  of  the  applied  wastewater,  of  the  runoff 
from  the  base  of  the  slope,  and  from  the  surface  at 
various  distances  downslope  were  collected  once 
hydraulic  steady  state  was  achieved.  Hydraulic 
steady  state  was  defined  as  the  point  when  the  run¬ 
off  rate  had  stabilized,  usually  within  90  minutes. 

Three  types  of  water  samples  were  collected  for 
analysis.  The  first  was  used  for  analyzing  for  volatile 
organics  and  was  collected  from  the  soil  surface  by 
placing  a  screw-cap  test  tube  on  the  slope  and  allow¬ 
ing  it  to  fill  directly  (Jenkins  et  al.  1981).  The  tube 
was  filled  to  capacity,  with  cate  not  to  leave  a  head- 
space,  and  was  sealed  with  a  teflon-lined  cap.  The 
second  sample  was  used  for  extraction  and  analysis 
of  the  remaining  less-volatile  organics.  This  sample 
was  collected  in  a  300-mL  all-glass  BOD  bottle  by 
using  the  screw-cap,  glass  test  tubes.  The  test  tubes 
and  BOD  bottles  were  carefully  cleaned  with  Baker 
Re si  Analyzed  acetone  before  each  sample  was  col¬ 
lected.  A  third  sample  was  collected  occasionally  in 
a  manner  similar  to  the  second,  but  the  sample  was 
stored  in  a  1-L  Nalgene  bottle.  This  sample  was  used 
to  analyze  for  BOD,  suspended  solids,  TOC  and 
nitrogen,  and  was  collected  by  placing  a  0.75-m 


length  of  0.5-in.  o.d.  stainless  steel  tubing  on  the 
soil  surface,  elevating  the  downslope  end  slightly, 
and  allowing  the  water  to  completely  fill  the  Nalgene 
bottle. 

Water  tenipetature.  air  temperature  and  prevailing 
weather  conditions  were  recorded  each  time  samples 
were  collected.  The  average  water  depths  at  each 
sampling  location  were  estimated  by  measuring  and 
averaging  the  depths  at  three  random  points  on  the 
cross  section. 

Water  analysis 

The  toxic  organics  were  divided  into  four  groups 
for  analytical  purposes  (Fig.  5),  These  are  the  vola¬ 
tiles,  the  neutral  electron-capturing  substances,  the 
neutral  noncapturing  substances  and  the  electron¬ 
capturing  phenols.  The  volatiles  were  analyzed  using 
a  Hewlett-Packard  5992  gas  chromatograph-mass 
spectrometer  (GS/MS)  equipped  with  an  HP  7675 A 
purge-and-tiap  sampler  (Jenkins  et  al.  1981).  A  60- 
mL  sample  was  purged  with  helium  at  20  mL/inin 
for  20  minutes  at  room  temperature.  The  eluted 
volatiles  were  collected  on  a  Tenax  tube  trap.  This 
tube  was  subsequently  heated  to  200°C  for  five  min¬ 
utes  and  the  desorbed  compounds  directed  onto  a 
Porapak  Q  column  maintained  at  90°C.  The  column 
was  then  programmed  from  90°  to  210°C  at  6°/min 
with  a  helium  carrier  (low  of  10  mL/min.  Substances 
eluting  from  the  GC  column  were  analyzed  using 
selective  ion  monitoring  (SIM)  mass  spectroscopy. 
The  substances  analyzed  in  Otis  manner,  their  reten¬ 
tion  times,  and  the  ions  used  for  each  substance  are 
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Figure  5.  Division  of  organics  studied  into  classes  by  type  of 
analysis. 


Table  4.  Volatile  o 'forties  studied  using  purge  add  trap 
GC/MS/SIM 


Volatile  organic 

Ion  monitored 

(m/e)* 

GC  retention  time 
(min) 

Chloroform 

85 

13.7 

Benzene 

78 

15.3 

Toluene 

91 

19.3 

Tetrawhloroethylene 

166 

19.0 

Chlorobenzene 

111 

31.6 

Bronioform 

173 

24.0 

*Mita  to  eharie  ratio. 


given  in  Table  4.  An  internal  standard  of  either 
benzene  or  tet'achloroethylene  was  added  to  each 
sample  prior  to  analysis  to  allow  normalization  based 
on  stripping  efficiency  and  spectrometer  perform* 
ance.  Quantitative  data  were  obtained  for  each  sam¬ 
ple  by  comparing  the  results  for  each  substance  nor¬ 
malized  to  the  internal  standard  with  the  similar  re¬ 
sult  obtained  when  1 .0  uL  of  the  stock  solution  was 
added  to  the  60  mL  of  well  water  and  analyzed  in  an 
identical  manner. 

The  remaining  classes  of  toxic  organics  were  an¬ 
alyzed  by  either  gas  chromatography  (GC)  or  high- 
performance  liquid  chromatography  (HPLC)  after 
solvent  extraction  by  the  mkroextraction  technique 
(Rhoades  and  Nulton  19%)).  The  extraction  pro¬ 
cedure  was  as  follows.  Each  300-mL  BOD  bottle 
was  emptied  into  an  acetone-rinsed,  SOQ-tnl  glass 
separatory  funnel  containing  93  g  of  N»C1  (Fisher 
Reagent  Grade).  The  funnel  was  shaken  to  dissolve 
the  salt,  and  the  pH  was  adjusted  to  12  with  SN 


NaOH,  A  10-mi  portion  of  hexane  (Baker  Resi-An- 
alyzed  Grade)  was  then  added  to  each  BOD  bottle, 
the  bottles  were  swirled  to  rinse  the  glass  walls,  and 
the  contents  were  emptied  into  the  separatory  funnel. 
A  sample  of  300  mL  of  well  water  was  treated  in  a 
similar  manner  to  serve  as  an  analytical  blank. 

Another  300-mL  sample  of  well  water,  to  which 
1 .0  uL  of  the  organic  stock  solution  was  added,  was 
also  treated  in  this  manner  to  serve  as  the  quantita¬ 
tive  analytical  standard. 

The  separatory  funnels  were  then  shaken  on  a 
wrist-action  shaker  for  30  minutes,  the  phases  allowed 
to  separate,  and  the  water  phases  drained  into  ace¬ 
tone-washed,  400 -mL  breakers.  The  hexane  solution 
and  any  emulsion  present  were  drained  into  a  20-tnL 
scintillation  vial,  and  the  vial  was  placed  in  a  freezer 
ovemi^it. 

The  separatory  funnels  were  then  rinsed  with  tap 
water  and  acetone  and  drained  before  returning  the 
water  solution.  The  pH  was  adjusted  to  2  with  a 
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5N  HjS04  solution,  and  5  mL  of  hexane  was  added 
to  each.  The  separatory  funnels  were  then  shaken 
again  for  30  minutes  and  the  phases  separated.  The 
water  was  discarded  and  the  hexane  solutions  saved 
in  20-mL  scintillation  vials  for  phenols  analysis  and 
placed  in  a  freezer  overnight. 

Emulsions  in  the  hexane  phases  the  following 
morning  were  broken  by  forcing  the  solution  through 
2C?tOTie-W2$hcd  g]2$s  in  -a  disposable 

Pasteur  pipette.  The  resulting  hexane  solution  was 
dried  by  adding  a  small  amount  of  anhydrous  sodium 
sulfate  and  was  saved  for  analysis. 

The  first  hexane  extract  corresponds  to  the  neu¬ 
tral  fraction  and  was  analyzed  in  two  separate  runs. 
The  first  analysis  was  conducted  by  GC-ECD  on  a 
Perkin  Elmer  Sigma  2  or  Sigma  3  gas  chromatograph. 
A  2-pL  subsample  of  the  dried  hexane  extract  was 
injected  onto  an  8%  OV 1 7  column,  the  column  tem¬ 
perature  programmed  from  50°  to  250°C  at  10°/min, 
and  the  eluted  components  analyzed  on  an  electron 
capture  detector  (ECD).  The  injector  and  detector 
temperatures  were  maintained  at  200°  and  300°C, 
respectively,  and  the  column  flow  rate  was  25  mL/ 
min  of  5%  methane  in  argon.  The  substances  ana¬ 
lyzed  in  this  manner  and  their  GC  retention  times 
under  these  conditions  are  given  in  Table  5. 

Quantitative  results  were  obtained  by  measuring 
the  peak  height  associated  with  each  substance. 

Ptak  heights  obtained  from  the  analysis  of  the  blank 
sample  were  subtracted  on  an  individual  basis.  A 
measurable  blank  was  found  often  for  diethylphtha- 
late  and  periodically  for  PCB.  The  peak  height  for 
each  substance  in  the  standard  was  used  to  obtain  a 
response  factor  in  units  of  mm  per  unit  of  concen¬ 
tration  to  enable  the  peak  heights  to  be  converted 
to  concentrations  in  the  water. 


Table  5.  Neutrals  analyzed  by  GC-ECD  on  OV-1 7 
and  their  retention  times. 

_ Substance _ GC  retention  time  fminj 


Dibromochloromethane 

6.6 

Bromoform 

8.7 

Nitrobenzene 

13.1 

m-N  itrotoluene 

14.7 

Diethylphthalate 

19.9 

PCB  #1* 

22.6 

PCB  #2* 

24.1 

PCB  #3* 

25.7 

PCB  #4* 

27.2 

PCB  #5* 

29.3 

•Five  peak*  wen  summed  for  PCB  1343  unlyti*. 


The  first  hexane  extract  was  also  analyzed  on  a 
Perkin  Elmer  Series  3/LC-65T  HPLC  Ibr  naphthalene 
and  phenanthrene  by  injecting  a  50-/zL  sample  into 
an  LC-8  reverse-phase  HPLC  column  (Supelco)  eluted 
with  85%  methanol  and  15%  water.  The  flow  rate 
was  2.3  mL/min,  and  the  eluted  compounds  were 
determined  on  a  UV  detector  operated  at  270  nm. 

The  retention  times  for  naphthalene  and  phenanthrene 
under  these  conditions  were  3.5  and  4.0  minutes,  re¬ 
spectively.  The  corresponding  peak  heights  for  these 
substances  were  measured  for  the  spiked  sample  for 
each  day’s  samples,  and  a  response  factor  was  ob¬ 
tained  in  units  of  mm/unit  of  concentration.  The 
peak  heights  for  these  two  substances  in  each  sample, 
minus  any  contribution  from  the  blank,  were  con¬ 
verted  to  concentration  using  these  response  factors. 
The  response  for  2-chloroethylvmyl  ether  was  too 
small  to  be  determined  accurately  by  either  GC-ECD 
or  HPLC,  so  the  results  for  this  substance  are  not 
available. 

ftienols  proved  to  be  the  most  difficult  of  the 
various  organic  fractions  to  analyze.  Initially  the 
second  hexane  extract,  corresponding  to  water  ex¬ 
traction  at  pH  2,  was  analyzed  by  GC-ECD  using  an 
SP  1240  DA  column  (Rhoades  and  Nulton  1980). 

The  conditions  used  for  analyses  wete  as  follows: 
injecior  temperature,  235°C;  detector  temperature. 
350°C ; column  temperature,  175°C;and  flow  rate, 

20  mL/inin  of  5%  methane  in  argon.  Retention  times 
of  2,4-dimtrophenol  and  pentachlorophenol  obtained 
in  this  way  were  4.6  and  7.6  minutes,  respectively. 
Q-chlorophenol  could  not  be  analyzed  using  these 
conditions  because  of  its  poor  response  on  the  ECD. 
Tliis  technique  grve  an  excellent  analysis  for  penta¬ 
chlorophenol,  but  the  results  for  2,4-djnitrophenol 
were  marginal  because  of  an  interfering  peak  that 
could  not  be  separated  sufficiently.  For  this  reason 
and  io  measure  o-chlorophenol  we  also  tried  an  HPLC 
method  for  the  phenols,  but  we  were  unable  to  sep¬ 
arate  o-chlorophenol  and  dinitrophenol thence  all 
data  reported  were  obtained  by  GC-ECD. 

The  analyses  of  BOD,  suspended  solids,  total  ni¬ 
trogen  and  pH  were  conducted  according  to  standard 
methods  and  are  described  in  more  detail  by  Jenkins 
and  Palazzo  (1981).  The  total  organic  carbon  anal¬ 
ysis  was  performed  on  an  Oceanography  International 
Corporation  0524  B  Total  Carbon  System  according 
to  the  manufacturer’s  directions.  This  method  is 
based  on  the  persulfate  oxidation  method  of  Menzel 
and  Vaccaro  (1964). 

Analytical  precision 

Tests  were  run  approximately  once  a  month  to 
estimate  the  analytical  precision  for  each  substance 
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Table  6.  Precision  of  neutral,  less  volatile  organics  analysis. 
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♦XI*  the  mean  (jug/L),  S  Is  the  standard  deviation  0*g/L),and  RSD  Is  the  relative  standard 
deviation  <%). 
f  Replicate  sample. 

♦•Split  sample. 


using  the  three  analytical  methods.  These  tests 
were  conducted  on  separate  days  than  the  analysis 
of  authentic  samples  because  of  the  time  required 
to  conduct  both  the  purge-and-trap  analysis  for 
volatiles  and  the  sequential  extraction  procedure 
for  the  other  types  of  substances. 

Determinations  for  both  "split  samples"  and 
'relocate  samples"  were  obtained  it>i  irstimauiig 
the  precision  of  the  analysis  alone  vs  the  precision 
also  reflecting  sample  collection  and  sample  vari¬ 
ability  over  time.  The  results  obtained  are  presented 
in  Tables  6-8.  In  general  the  estimates  of  precision 
obtained  from  split  samples  were  about  the  same 
as  from  replicates.  Thus  most  of  die  imprecision 
seems  to  be  associated  with  the  analytical  methods 
rather  than  with  sampling. 

For  the  neutral,  less  volatile  organics  (Table  6). 
the  analytical  precision  is  estimated  to  be  ±10% 
for  all  substances  except  PCB  at  all  concentrations 
and  phenanthrene  at  low  levels.  The  consistent, 
relatively  large  imprecision  associated  w'ith  PCB  was 
because  the  response  was  divided  among  five  sep¬ 
arate,  rather  small  peaks  and  because  of  the  diffi¬ 
culty  in  establishing  the  true  baseline  on  a  tempera¬ 
ture-programmed  ECD  analysis.  For  low  levels  of 
PCB  and  phenanthrene  we  estimate  the  analytical 
precision  to  be  ±20%  and  ±  1 5% .  respectively . 

For  the  volatiles  analysis  we  estimate  the  chloro¬ 
form  and  benzene  data  to  be  precise  to  ±10%.  tol¬ 
uene  and  chlorobenzene  to  ±1 5%  and  bromoform  to 
±20%  (Table  7).  The  precision  for  these  substances 
seems  to  be  related  to  the  retention  time  on  the 
Pbrapak  column  and  may  be  a  result  of  peak-broad¬ 
ening  effects  for  the  later-eluting  substances  such 
as  bromoform. 

Although  we  had  one  large  value  for  pentachlor- 
ophenol,  we  estimate  the  overall  analytical  precision 
for  the  two  phenols  to  be  about  ±15%  (Tabic  8). 

It  is  surprising  that  the  precision  is  nearly  as  good 
as  for  the  less  volatile  neutrals,  because  two  sequen¬ 
tial  extracts  are  requited  while  only  one  is  required 
for  the  neutrals. 

Soil  and  plant  sampling  and  analysis 

Grass  samples  from  the  overland  flow  prototypes 
were  collected  for  organics  analysis  at  the  three 
normal  harvests  on  19  June,  4  August  and  5  October 
1931 .  Additional  grass  samples  were  taken  for 
analysis  on  23  July  and  2  September.  The  gras 
samples  were  frozen  in  hexane-  and  acetone-rinsed, 
glass  canning  jars  and  stored  for  later  analysts. 

For  analysis  the  grass  samples  were  thawed,  air- 
dried  for  several  days  at  room  temperature,  and 
yound  to  pass  through  a  20-mesh  sieve.  After  care¬ 
ful  mixing,  a  5-g  subsample  was  removed,  placed  in 


;i  screw-cap  test  tube,  and  extracted  by  shaking  with 
25  ml.  ol  50'-'  hexane.  50%  acetone  solution  (Tom 
son  ct  ai.  >98]  )  for  '0  minutes  on  a  wrist -action 
shake i .  The  test  tubes  were  then  centrifuged  at  1000 
rpm  for  30  minutes,  and  10  ml. of  solution  w  as  re¬ 
moved  with  a  i0-mL  pipette.  The  extracts  were 
placed  in  20-mL scintillation  vials  and  dried  with 

.  i- . .  i  -  . i: . .....  — is-., 

dliiijuUiUd  MJimmt  jtiuuiv. 

Thisextract  was  analyzed  directly  for  electron - 
capturing  neutrals  by  the  same  GC  method  described 
in  tile  water  analysis  section.  Then  the  remaining 
extract  was  placed  in  a  500-ntL  separatory  funnel, 
extracted  with  300  ml  of  distilled  water  containing 
93  got  NaCI,  and  adjusted  to  pH  12  with  aqueous 
5N  NaOH.  A  10-mL  portion  of  hexane  was  added, 
and  the  separatory  funnel  was  shaken  lor  30  min¬ 
utes  on  a  wrist-action  shaker.  The  funnels  were  then 
allowed  to  stand  while  the  two  phases  separated. 

The  green  color  due  to  chlorophyll  remained  largely 
in  the  organic  phase.  The  water  solution  was  removed 
and  the  organic  phase  retained. 

The  separatory  funnels  were  washed  with  tap 
water  and  acetone  and  drained,  and  the  water  phase 
was  returned.  The  pH  was  adjusted  to  2  with  5N 
112S04.  10  mL  of  hexane  was  added,  and  the  funnels 
were  shaken  for  30  minutes  as  before.  The  funnels 
were  then  allowed  to  stand  while  the  phases  sepa¬ 
rated,  and  the  organic  phase  was  retained  for  phenols 
analysis.  The  phenol  fraction  was  concentrated  using 
a  Kuderna-Danish  evaporator  and  analyzed  as  de¬ 
scribed  in  the  water  analysis  section.  The  plant  ex¬ 
tracts  were  analyzed  using  standards  carefully  pre¬ 
pared  by  dissolving  the  pure  substances  in  hexane. 

Soil  samples  from  sections  A  and  B  of  the  over¬ 
land  flow  prototypes  were  collected  on  23  July.  2 
September  and  1 8  October.  Soil  samples  from  sec¬ 
tion  C,  the  untreated  section,  were  also  collected  to 
be  used  as  an  analytical  blank.  Soil  samples  were 
kept  frozen  in  glass  canning  jars  until  analyzed. 

For  analysts  the  samples  were  thawed  and  air- 
dried  for  several  days  at  room  temperature-  The 
soil  was  ground  with  a  mortar  and  pestle  and  mixed 
carefully.  A  5-g  subsampie  of  each  soil  was  placed 
in  a  screw-cap  lest  tube  and  shaken  on  a  wrist-action 
shaker  tor  30  minutes  with  25  mL  of  a  50%  hexane. 
50%  acetone  solution  (Tomson  et  al.  1981).  The 
test  tubes  were  then  placed  in  a  centrifuge  at  1000 
rpm  for  30  minutes.  A  1 5-mL  portion  of  the  clear 
supernatant  was  carefully  removed  with  a  glass  pi¬ 
pette,  placed  in  a  20-mL  scintillation  vial,  and  dried 
with  anhydrous  sodium  sulfate.  A  !0-mL  portion 
of  the  dried  extract  was  then  placed  in  a  Kuderna- 
Danish  evaporator  and  the  volume  reduced  to  about 
1 .5  mL  This  concentrated  sample  was  then  analyzed 
in  a  manner  similar  to  that  described  ror  the  less 
volatile  organics  in  the  water  analysis  section. 
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results 

Organics  removal  at  Hanover 

Results  of  the  analysis  of  individual  u  j’er  samples 
are  presented  in  Appendix  A.  The  maximum,  min¬ 
imum  and  mean  values  for  each  organic  substance 
in  the  applied  wastewater  are  presented  in  Table  9. 
These  data  show  that  the  applied  concentrations 
vaiieu  considerably  from  day  to  day.  probably  be¬ 
cause  of  varying  degrees  of  volatilisation  and  be¬ 
cause  of  sorption  on  suspended  matter  and  on  the 
walls  of  the  storage  tank.  The  extent  of  these  proc¬ 
esses  depends  on  the  amount  of  suspended  matter 
and  the  length  of  time  between  when  the  wastewater 
was  spiked  and  when  it  was  applied-  In  addition, 
no  attempt  was  made  to  ensure  that  the  same  volume 
of  wastewater  was  present  in  the  tank  from  day  to 
day,  and  hence  the  volume  in  whidt  these  organics 
were  diluted  probably  varied  significantly.  In  gen¬ 
eral,  though,  die  concentrations  of  these  substances 
ranged  from  about  20  to  70  fig/l  .  The  sum  of  these 
trace  organics  generally  amounted  to  less  than  1 
mg/L. 

Three  hydraulic  loading  rates  were  tested  during 
this  study,  0.4, 0.8  and  1 .2  cm/hr.  Table  10  presents 
the  average  runoff  concentrations  for  each  loading 
rate.  Two  values  are  presented  for  the  0.4-cm/hr 
rate,  one  for  June-August  and  the  second  for  Ocio- 
ber-Decembet.  in  nearly  every  case,  runoff  concen¬ 
trations  increased  with  increasing  loading  rate.  The 
most  striking  example  is  dieihylphthalate.  where 
the  average  runoff  concentrations  were  4.2, 21 .5 
and  68 3  pg/L  at  0.4, 0.8  and  1.2  an/hr,  respectively. 

hi  overland  flow,  comparing  the  changes  in  con¬ 
centration  alone  is  not  sufficient  for  calculating  the 


percent  removal  because  significant  water  loss  occurs 
by  evapotranspiralion.  Table  1  1  presents  llic  lot.il 
amount  of  watei  applied  to  section  B  at  each  appli¬ 
cation  rale,  the  total  volume  of  water  measured  in 
the  runoff,  and  the  percent  lost  by  evapotranspirj- 
tion.  At  the  0.4-cm/hr  rate,  about  54. 6';  of  the 
water  was  removed  by  evapotranspiration  during  the 
summer.  For  the  0.8-cm/hr  rate,  only  about  28.6 7c 
was  lost.  The  1 .2-cm/lu  rate  was  only  studied  over 
a  period  of  three  days,  and  a  slight  increase  in  vol¬ 
ume  was  noted,  mainly  a  result  of  nearly  2  cm  of 
rain  over  the  period.  When  the  0.4-cnrhr  rate  was 
reestablished  in  the  late  fall,  the  water  loss  was  only 
28.451.  because  there  was  less  plant  transpiration 
and  evaporation  than  during  ihe  July-August  period. 

The  aveiage  applied  and  runoff  concentrations 
and  volumes  were  combined,  and  the  mass  removals 
were  calculated  (Table  12).  A!  the  0.4-cm/lir  loading 
rate  in  the  summer,  more  than  9491  of  the  mass  was 
removed  for  each  of  the  organics  tested.  Even  at  this 
loading  rate,  though,  consistent  differences  from  sub¬ 
stance  to  substance  were  observed  on  a  daily  basis. 
When  the  hydraulic  leading  rate  was  increased,  re¬ 
moval  decreased  significantly  for  many  of  the  sub¬ 
stances,  with  the  worst  removal  for  2,4-dinitrophenol 
at  1 .2  cm/hr.  On  the  other  hand,  the  removal  of 
naphthalene  was  stili  greater  than  W? .  even  at  the 
highest  loading  rate  tested. 

To  determine  the  rate  of  removal  for  each  sub¬ 
stance  on  a  daily  basis,  samples  collected  downslope 
were  analyzed  and  the  concentrations  plotted  as  In 
C/C0  vs  residence  time  (Jenkins  et  al.  1981).  The 
residence  time  of  each  sample  collected  downslope 
was  estimated  from  downslope  distance.  For  exam¬ 
ple,  at  the  0.4-cm/hr  rate  the  total  residence  lime  of 


Table  9.  Summary  of  water  analyses  for  applied  wastewater. 


Substance 

Applied  concentration  lpg/1.) 
Maximum  Minimum  Mean 

N 

Chloroform 

58 

17 

33 

9 

Toluene 

64 

2 

19 

8 

Chlorobenzene 

110 

23 

58 

9 

Bromoform 

125 

20 

68 

20 

Dibro  mo  chloromethane 

17 

7 

n 

11 

m-Nitrotoluene 

115 

20 

50 

20 

Dieihylphthalate 

109 

29 

63 

19 

PCB  1242 

69 

19 

37 

2! 

Naphthalene 

148 

32 

63 

14 

Phenan  throne 

89 

20 

45 

13 

Pentachloropbenol 

8d 

13 

39 

15 

2,4-Diaitrophenol 

255 

18 

79 

13 

Nitrobenzene 

315 

48 

113 

S 

14 


Table  10.  Summary  of  average  runoff  concentrations  ( f*g/L>  for  each  substance  follow¬ 
ing  overland  flow  treatment. 

Average  runuff  concentration _  _ 


Substance 

0.4  cm/hr 

I  June^t  Aug 

0.4  cm /hr 

28  Oct-1  1  Dec 

0.8  cmfhr 

5  Aug-16  Oct 

1.2  cm /hr 
19-21  Oct 

Chloroform 

2.3 

2.4 

2.0 

_ 

Toluene 

0.4 

- 

" 

Chlorobenzene 

A  4 

V/.*9 

♦  4 

0.3 

- 

Bromoform 

2.2 

7.4 

10.3 

20.7 

Dibromoch!orometh3ne 

- 

0.5 

1.0 

16 

m-\ilrotoluene 

0.5 

12.2 

8.9 

22.S 

Diethylphthalate 

4.2 

24.7 

21.5 

68.3 

PCB  1 242 

1.4 

2.9 

3.1 

7.3 

Naphthalene 

<d 

0.8 

2.3 

3.8 

Phenanthrene 

0.1 

0.7 

0.4 

- 

Pentachlorophcnol 

0.9 

2.4 

2.2 

13.4 

2,4-Dinitropheno! 

11.0 

15.6 

14.5 

39.0 

Nitrobenzene 

29.5 

“ 

- 

•Less  than  detectable  level. 


Table  1 1 .  Water  volumes  (L)  applied  to  overland  flow  and  volume  of  runoff. 

_  I \tlurtu  _ 


Substance 

0.4  cm /hr 

1  June~4  Aug 

0.4  cmfhr 

28  Oct-1 1  Dec 

0.8  cm /hr 

5  A  ug-l  6  Oct 

1.2  cm /hr 
19-21  Oct 

Wastewater  applied 

82,586 

36. 325 

124,700 

15.664 

Runoff  (section  Bf 

37,495 

26,013 

89,008 

16,728 

Fvapotranspiration  (v) 

54.6 

28.4 

28.6 

-6.8 

Table  12.  Summary  of  average  removals  (%  by  mam)  for  each  substance  by  overland  flow. 

_ Average  removal _ 


Substance 

0.4  c m/hr 

1  June-4  Aug 

04  cmfhr 

28  Oct-1 1  Dec 

0.8  cmfhr 

5  Aug-1 6  Oct 

1.2  cmfhr 
19-21  Oct 

Chloroform 

97 

95 

96 

- 

Toluene 

>99 

- 

>99 

- 

Chlorobenzene 

>99 

97 

>99 

- 

Bromoform 

98 

94 

89 

73 

Dibio  mochloro  methane 

>98 

97 

94 

84 

m-Niuotoiuene 

>99 

86 

87 

57 

Diethylphthalate 

% 

77 

76 

IS 

PCB  1242 

98 

92 

95 

64 

Naphthalene 

>99 

99 

97 

92 

Phenanthrene 

>99 

98 

99 

- 

Pentachlorophenot 

99 

94 

97 

44 

2,4-Dinitrophcnol 

94 

79 

92 

9 

Nitrobenzene 

■**’ 

81 

- 

“ 

IS 


water  applied  to  section  B  was  found  to  be  about 
1 19  min  from  chloride  tracer  expei  iincnts.  For  a 
sample  collected  at  half  slope,  the  residence  time  is 
therefore  estimated  to  be  59. 5  min.  at  quarter  slope 
i:  is  29.8  mm. and  so  on.  This  procedure  for  esti¬ 
mating  residence  times  for  samples  collected  at  var¬ 
ious  points  on  the  slope  was  tested  hy  conducting  a 
chloride  tracer  experiment,  measuring  the  chloride 
concentration  with  tune  in  troth  the  runoff  and  watet 
collected  at  halt  slope,  and  obtaining  the  residence 
limes  from  (he  centro'd  of  the  C  curves  as  described 
earlier.  The  values  dctertviied  for  full  slope  and 
half  slope  were  55.5  and  16.5  min.  respectively,  in¬ 
dicating  that  die  method  used  for  estimating  resi¬ 
dence  times  is  valid - 

When  the  concentrations  tor  each  substance  were 
plotted  in  this  way  (In  C’Ca  vs  residence  time),  a 
relationship,  which  generally  appeared  to  be  linear. 


was  obtained  for  II  the  substances  tested  in  this 
study.  Kxamples  ate  shown  in  Appendix  B.  When 
the  best-lit  si.aight  lines  w'ere  obtained  by  least-squares 
techniques,  an  intercept  very  near  zero  was  round  m 
all  cases,  with  correlation  coefficients  generally  ranging 
from  0.94  to  0.99.  Thus  these  empirical  relationships 
can  be  described  by 

C 

in  —  =  -rvr  U) 

1  o 

where  k  is  the  slope  of  the  best-lit  straight  .  nc  and 
C0  is  the  value  of  the  concentration  C  at  i~ 0.  in  our 
case  C0  is  the  applied  concentration.  Equation  2  is 
the  integrated  form  of  the  first-order  rate  law 


where  A  is  the  first -order  rate  coefficient  (mm- 1  ). 


a.  Dicthytphiheiate. 


b,  m-Niirotoktene. 


Figure  6,  Reie  coefficients  n  average  \#at(T  temperature. 
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1  vpei imcntal  values  of k  were  determined  in  this 
wav  for  eaeii  subviance  each  d.iv  wimples  vveie  an- 
alv/ed;  the  values  aie  presented  m  Appendix  Table 
A2  almlg  with  the  average  water  teni|>eratiiies  tm 
that  jay.  Depending  on  the  substance.  between  5 
and  21  individual  determinations  ot  k  were  obtained 
al  average  water  temperatures  ranging  turn:  25.7T 
mi l*  Inly  to  2 . 5° t’  on  2  December.  When  the  ex¬ 
perimental  rale  eoettieieuls  were  plotted  vs  luin'Il 
temperature,  tile  tv  pe  ot  relation  dnp  shown  in  Fiu- 
ure  f'  was  obtained.  In  all  eases  the  value  ot  k  de¬ 
creased  as  runoff  tenipetaiuies  declined  in  ti'e  tall 
and  eatlv  winter.  Sukc  thetunnher  nl  determina¬ 
tions  for  each  substance  differed  as  well  as  the  dis¬ 
tribution  of  these  de'etminaiinns  with  respect  to 
runoff  temperature,  it  would  not  be  meanmglul 
to  compare  the  k  values  tor  each  substance  by  sim¬ 
ply  uveragingall  the  values  obtained.  Instead,  lot 
most  of  the  substances,  we  obtained  the  best-fit 
straight  line  front  the  plot  of  the  individual  k  val¬ 
ues  vs  uvetage  water  temperature  and  solved  these 
equations  for  the  k  value  at  20°(\  These  values  are 
summarized  in  Table  Id  along  with  the  maximum 
arid  minimum  values  and  the  number  of  determin¬ 
ations.  For  a  few  of  the  volatile  substances,  such 
as  chloroform,  toluene  and  chlorobenzene,  insuf¬ 
ficient  data  were  available  to  obtain  the  k  value 
for  20°C  in  this  way.  For  these  substances  the 
k  (20°C)  values  were  estimated  by  averaging  the 
experimental  values  obtained  for  the  summer 
months  (June-September).  Values  of  A:  (20°C) 
obtained  in  this  way  for  other  substances  such  as 


m-iiilmloiuene  and  dietliv  Iphtlialaie  compared  la- 
vurablv  with  values  obtained  trtun  the  best-tit  ime> 
of  /:  vs  average  tcmpeulute. 

The  substance  with  the  highest  k  (20  ('i  value 
was  phcnanihrcnc.  lollowed  by  toluene,  chloroben¬ 
zene  and  naphthalane .  with  removal  rale  coefficients 
tanging  front  0.0”7  t«»  0.05ft  min'1 .  The  substances 
that  were  removed  the  slowest  were  nitrobenzene, 
dinitrophc’iol  and  dtetitv ipluhalate.  with  k  (20  (.  1 
va  uev  langtng  from  0.0|x  to  0.022 

Organics  removal  at  Davis 

To  determine  it  the  same  behavior  woulj  be  found 
on  a  lull-seale  system,  a  field  test  was  conducted  at 
the  Davis.  California,  overland  flow  system  as  de- 
seiibed  in  the  experimental  section.  The  results  of 
the  water  analyses  for  this  test  are  presented  in  Table 
14  Fxeept  loi  diethylplitlialate  the  removals  were 
greater  than  ‘JO'.V  by  mass. 

Tlie  relationships  of  In  C/C0  vs  residence  time 
for  the  various  samples  at  Davis  w  ere  linear  for  most 
of  the  substances  (Appendix  Figs.  B9  and  B10). 

Tibs  indicates  that  the  removal  processes  at  DaYisare 
also  governed  by  first -order  kinetics,  and  the  removal 
rate  coefficients  can  be  obtained  from  the  slope  of  the 
best-fit  line,  (Only  data  obtained  from  samples  col¬ 
lected  as  far  downslope  as  75  ft  were  used  to  calcu¬ 
late  rate  coefficients.  Samples  collected  farther  down- 
slope  were  obtained  before  the  full  detention  lime 
on  die  slope  was  achieved.)  The  order  of  the  rate 
coefficients  at  Davis  (ranked  front  fastest  to  slowest) 
is  very  similar  to  that  at  CRRELf  Fig.  7). 


Table  13.  Summary  of  experimental  rate  coefficients. 


First-order  rale  coefficients  I min ~l ) 


Substance 

Maximum 

Minimum 

k/20“O* 

N \t 

Chloroform** 

0.047 

0.017 

0.030 

9 

Toluene** 

0.127 

0.024 

0.070 

8 

Chlorobenzene** 

0.105 

0.030 

0.064 

9 

Bromoform 

0.045 

0.017 

0.032 

17 

Dibromochloromethane 

0.062 

0.021 

0.053 

11 

m-Nitrotoluene 

0.062 

0.007 

0.030 

20 

Dicthylphthalete 

0.031 

0.006 

0.022 

19 

PCB  1242 

0.061 

0.013 

0.035 

21 

Naphthalene 

0.084 

0.029 

0.056 

15 

Phenanthrene 

0.131 

0.027 

0.077 

14 

Pe-.itachlorophenol 

0.052 

0.009 

0,036 

15 

2,4-Dinitrophenol 

0.029 

0.003 

0.019 

12 

Nitrobenzene 

0.019 

0.003 

0.018 

5 

*  The  value  of  k  et  J0°C  from  linear  beet  fit  of  experimental  k  values  vs 
average  water  temperature,  except  when  indicated  otherwise, 
t  The  number  of  individual  determinations. 

“The  value  of  k  (20  C)  was  obtained  by  averaging  experimental  k  valuea 
obtained  from  June-September  1981. 
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Table  14,  Results  of  water  analyses  for  Davis  field  experiment. 


Conccrifratittn  Muss  Removal 

(ng/f-  i  _ _ (mg) _  Removal  rule  metric  tent 


Substance 

A  ppHvtl 

Hutton 

Applied 

R  uni  At 

t'.'t  hy  mass/ 

linin'1 ! 

Chloroform 

51.1 

1.8 

592 

18.8 

96.8 

0.012 

toluene 

70.7 

0.7 

820 

7.4 

99.] 

0.018 

Benzene 

78.6 

1.5 

91  1 

15.5 

98.3 

0.015 

Chlorobenzene 

88.0 

0.9 

1031 

8.7 

99.2 

0.018 

Bromoform 

187 

4.8 

2108 

49.  i 

97.7 

0.017 

Dibromochloromcthane 

24.7 

0.3 

286 

2.6 

99.] 

0.018 

in- N  itrotoluene 

144 

8.6 

1  609 

87.9 

94.7 

0.01 1 

Dietliylphthulalc 

107 

54.2 

1240 

554.0 

$5.3 

0.003 

PCB  1242 

48.9 

3.5 

1  146 

35.8 

96.9 

0.020 

Naphthalene 

179 

2.7 

2075 

27.2 

98.7 

0.020 

Phenanthrene 

149 

1.2 

1727 

12.5 

99.3 

0.031 

Pentaehlorophenol 

315 

0.1 

3654 

61.0 

98.3 

0.013 

2.4-Dinitropheno] 

238 

15  6 

2761 

1 56.0 

94.6 

0,009 

Nitrobenzene 

1  18 

13.3 

1368 

13.6 

90.1 

0.008 

*  The  data  from  the  Davis  system  were  obtained  only  once  ( 10  December  1981),  su  it  is  not  possible  to 
assess  the  statistical  significance  of  the  rate  coefficient  data. 


Figure  7  Comparison  of  ranked  order  of  removal 
rate  coefficients  at  CRREL  and  Davis. 


At  Davis  we  added  benzene  in  addition  to  the 
substances  tested  at  CRREL.  The  results  indicated 
its  rate  of  removal  was  lower  than  toluene,  dibro- 
mochloromethane  and  naphthalene  and  very  similar 
to  that  of  pentachlorophenol. 

Accumulation  of  organics  in  soils  and  plants 

As  described  earlier,  soil  samples  collected  from 


the  Hanover  site  were  analyzed  for  organics  as  well. 

Of  (hose  added,  only  PCB  1 242  consistently  accumu¬ 
lated  in  the  soil  at  levels  above  the  background.  In 
a  few  instances  pentachlorophenol  (PCP)  was  also 
detected  above  background  levels.  All  of  the  other 
substances  were  present  at  concentrations  below  a 
detection  limit  of  about  0.2  /zg/g.  The  results  for 
PCB  and  PCP  are  presented  in  Table  15. 

The  sod  from  sections  A  and  B  had  detectable 
levels  of  PCB  in  all  cases,  with  values  ranging  from 
0.37  to  4.87  pg/g.  While  there  is  little  consistency 
from  location  to  location,  there  is  a  cle"  tendency 
toward  larger  accumulations  with  time.  Of  Uie  sam¬ 
ples  collected  on  or  before  2  September,  no  values 
over  1 .21  pg/g  were  found.  For  the  samples  collected 
on  i  2  October,  a  number  of  samples  had  values  greater 
than  3  jrg/g.  Soil  samples  from  section  C  (the  control 
area),  on  the  other  hand,  showed  no  detectable  PCB. 
No  application  of  wastewater  containing  these  organ¬ 
ics  was  made  to  section  C,  so  these  analyses  serve  as 
an  analytical  blank. 

Samples  of  plant  tissue  from  the  two  treatment 
sections  (A  and  B)  and  the  control  section  (C)  were 
analyzed  to  determine  to  what  extent  these  sub¬ 
stances  had  accumulated.  Only  PCB  was  found  at 
measurable  concentrations,  altnough  analytical  dif¬ 
ficulties  prevented  measurement  for  dinitrophenol 
and  pentachlorophenol.  For  the  treatment  areas, 
concentrations  of  PCB  ranged  from  <0.04  to  0.85 
gig/g  on  an  air-dried  plant  material  basis  (Table  16). 
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Table  IS.  Concentration  of  PCB  1242  and  pentachloro- 
phenol  (PCP1  in  soil  samples. 


Concentration  tug/g) 


Sample 

Date  collected 

PCB 

PCP 

Slope  B  (upper) 

23  July  81 

0.37 

<d* 

Slope  B  (lower) 

23  July  81 

1.19 

<d 

Slope  A  (lower) 

23  July  81 

0.54 

- 

Slope  ('  < upper  ) 

23  July  81 

<d 

- 

Slope  0  (lower) 

23  July  8) 

<j 

- 

Slope  B  tlowerl 

2  Sept  8 1 

1.21 

- 

Slope  A  ( upper) 

2  Sept  8 1 

1.04 

- 

Slope  B  ( 1/8  slope) 

12  Get  81 

0.58 

<d 

Slope  B  (1/4  slope) 

12  Oct  81 

4.24 

0.73 

Slope  B(  1/2  slope) 

1  2  Oet  8 1 

1.89 

0.07 

Slope  B  (3/4  slope) 

1 2  Oet  8 1 

3.06 

<d 

Slope  A  ( 1/8  slope) 

1 2  Oci  8 1 

1.87 

<d 

Slope  A  (1/4  slope) 

1  2  Oct  8 1 

4.58 

<d 

Slope  A  ( 1/2  slope) 

12  Oct  81 

4.87 

<d 

Slope  A  (3/4  slope) 

12  Oct  81 

0.61 

<d 

Slope  C 

12  Oci  SI 

<d 

<d 

*  Less  than  detection  limits  estimated  at  about  0.2  rig/g  for 
K  B  and  0.05  wg/g  for  PCP. 


Table  16.  Concentration  of  PCB  in  plant  samples. 


PCB  concentration  (ug/g) 


Sample 

4  Aug 

2  Sept 

.5  Oct 

Section  A  (upper) 

0.14 

0.04 

0.20 

Section  A  (lower) 

- 

<d 

0.85 

Section  B  (upper) 

0.13 

0.13 

0.22 

Section.B  (lower) 

0.07 

0.06 

0.08 

Section  C  (upper) 

<J * 

<d 

- 

Section  C  (lower) 

<d 

- 

- 

*  Less  than  a  detection  limit  estimated  at  0.03  gg/g  of 
air-dried  plant  material. 


DISCUSSION 
Removal  from  solution 

The  results  from  the  water  analyses  at  both  the 
CRREL  and  the  Davis  overland  flow  systems  show 
excellent  removal  of  mast  of  the  otganics  applied. 
In  addition,  when  we  order  the  substances  accord¬ 
ing  to  the  magnitude  of  their  experimental  rate  co¬ 
efficients  for  removal  from  solution,  the  orders  are 
nearly  Identical  for  the  two  sites  (Fig,  7),  In  both 
rMM  the  four  substances  removed  at  the  greatest 
rate  were  phenanthrene,  toluene,  chlorobenzene 
and  naphthalene,  while  nitrobenzene  ind  diethyl- 
phthalate  were  removed  the  slowest.  This  consis¬ 
tent  behavior  at  both  sites  seems  to  indicate  that 


the  same  mechanism  or  mechanisms  are  operating 
and  that  the  relative  removal  rate  depends  on  some 
property  or  properties  of  the  specific  substance. 

Since  the  same  removal  order  was  observed  at  the 
CRRF.L  site,  where  these  organics  were  applied 
every  day,  and  at  the  Davis  site,  where  they  were 
applied  only  once,  removal  from  solution  does  not 
seem  to  be  associated  with  an  adaptive  process,  as 
one  might  expect  if  the  development  of  an  acclima¬ 
tized  microbial  population  was  a  predominant  mech¬ 
anism. 

There  are  c  number  of  mechanisms  that  could  be 
operating  to  remove  these  organics  from  solution, 
including  volatilization;  sorption  on  surface  soils  and 
vegetation;  and  sorption  on  suspended  material  fol¬ 
lowed  by  sedimentation,  biodegradation,  chemical 
hydrolysis  or  photodegradation.  Earlier  work  (Jen¬ 
kins  et  al.  1981 )  shows  that  volatilization  seems  to 
account  for  some  portion  of  the  removal,  at  least 
for  the  most  volatile  substances  such  as  toluene, 
chloroform  and  chlorobenzene.  On  the  other  hand, 
sorption  on  surface  soils  was  not  eliminated  as  a  sig¬ 
nificant  removal  process,  even  for  these  very  volatile 
substances.  While  the  other  mechanisms  probably 
do  occur  to  some  extent,  the  solution  is  present  on 
the  slope  for  only  a  relatively  short  period,  36-1 19 
minutes  on  the  average  (depending  on  the  application 
rate)  for  the  CRREL  system,  and  the  rates  associated 
with  most  of  the  other  mechanisms  are  expected  to 
be  too  low  to  account  for  the  observed  removal  rates. 
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Figure  8.  Illustration  of  the  nvo-film  theory. 


Two  theoretical  approaches  have  been  taken  in 
dealing  with  the  transfer  of  volatile  substances 
across  the  air /water  interface  (volatilization).  These 
are  the  two-film  theory  developed  by  Whitman 
(1923)  and  the  penetration  theory.  Of  these  the 
two-film  theory  has  received  the  greatest  attention 
and  has  been  the  most  successful  in  matching  exper¬ 
imental  results  on  transfer  of  gases  across  the  air/ 
water  interface  (Dilling  1977,  Smith  et  al.  198i. 
Raihbun  and  Tai  1981).  In  this  theory,  two  ficti¬ 
tious  films  are  assumed  to  exist  at  the  gas/liquid  in¬ 
terface,  one  gas  and  the  other  liquid  (Fig.  8).  These 
films  are  assumed  to  be  stagnant  and  to  exert  all  the 
resistance  to  transfer  across  the  interface.  The  bulk 
phases  above  and  below  these  films  are  assumed  to 
be  well  mixed.  Equilibrium  is  assumed  to  exist  at 
the  interface,  and  diffusion  across  the  liquid  and 
gas  films  controls  the  rate  of  mass  transport. 

Since  all  the  resistance  to  transfer  is  assumed  to 
occur  in  the  films,  the  total  resistance  RT  is  the  sum 
of  the  resistances  of  the  liquid  and  gas  phases: 

R1=RL  +  Ra  (4) 

where  R  L  is  the  resistance  across  the  liquid  film  and 
Rg  is  the  resistance  across  the  gas  film.  Calculating 
the  total  mass  transfer  thus  requires  summing  the  two 
individual  resistances,  which  can  be  considered  to  be 
reciprocals  of  their  conductivities  (Mackay  et  al. 
1979): 

Al"  ]F  ’  =  jF  W 

*G 

where  KL  and  Kq  are  the  conductivity  terms  and 
are  the  liquid-phase  and  gas-phase  transfer  coeffic¬ 
ients,  respectively.  Thus  the  total  resistance to 
mass  transfer  can  be  expressed  as 


Using  Liss  and  Slater’s  (1974)  values  for  air/sea  ex¬ 
change  of  CO,  and  H20  vapor  and  assuming  that  in¬ 
dividual  phase  transport  coefficients  are  proportional 
to  tire  reciprocal  of  the  square  root  of  the  molecular 
weight  (Af'1/2).  Dilling  ( 1 077)  developed  a  relation¬ 
ship  for  the  total  mass  transfer  coefficient  for  vol¬ 
atilization  (Kvo|)in  units  of  cm/min: 

where  H  is  the  Henry’s  law  constant  (in  dimensionless 
units).  The  half-lives  for  a  series  of  volatile  chloro- 
carbons  in  solution  calculated  with  this  equation 
matched  experimental  values  obtained  in  a  laboratory 
rest  quite  well  (Dilling  1977).  But,  as  pointed  out 
by  Dilling,  the  match  was  rather  fortuitous  since  the 
transport  coefficients  are  a  function  of  turbulence  in 
both  air  and  water  phases,  which  were  simulated  only 
by  mechanical  stirring  in  the  lab  but  are  produced 
by  wind  and  wave  action  in  the  ocean. 

Experimentally  determined  half-lives  were  com¬ 
pared  with  those  obtained  using  eq  7  for  a  number 
of  volatile  substances  on  the  CRREL  overland  flow 
slope  (Jenkins  et  al.  1981),  The  results  did  not  match 
the  calculated  values  but  were  longer  by  a  factor  of 
about  2-3  for  most  substances  tested.  This  was  ex¬ 
plained  by  incomplete  mixing,  -ince  the  Reynolds 
numbers  for  this  system  ranged  from  100  to  400, 
indicating  relatively  nonturbulent  conditions. 

Since  all  of  the  substances  tested  in  the  previous 
study  were  quite  volatile  (as  measured  by  their  Henry’s 
constants),  the  removal  rates  of  much  less  volatile 
substances  were  unknown.  Experimental  results 
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from  the  current  study  for  much  less  volatile  sub¬ 
stances  such  as  phenanihrene.  PCB  and  peniachlonj- 
phenol  indicate  removal  rate  coefficients  very  sim¬ 
ilar  to  tliose  for  some  of  the  most  volatile  substances 
such  as  toluene,  chloroform  and  chlorobenzene. 

Since  the  Henry's  constant  for  these  less  volatile 
substances  are  one  to  three  orders  of  magnitude 
lower,  their  removal  is  not  predictable  using  the 
volatilization  model  alone. 

Studies  conducted  on  other  types  of  land  treat¬ 
ment  systems,  particularly  rapid  infiltration,  show 
that  the  movement  of  organics  through  soils  is  re¬ 
tarded  by  sorption  on  soil  organic  matter  (Wilson 
et  al.  1981 ).  In  rapid  infiltration  the  transport  of 
these  substances  through  the  soil  has  been  found  to 
be  predictable,  assuming  that  equilibrium  is  achieved 
with  the  soil  organic  matter,  lit  rapid  infiltration 
the  downward  velocity  of  water  wiil  generally  be 
less  than  [0~-!  cm/s,  a  value  at  which  Sehwarzen- 
baeh  and  Wcstall  (1981 )  found  excellent  agreement 
between  partition  coefficients  obtained  from  col¬ 
umn  studies  and  batch  experiments.  At  velocities 
above  10-2  cm/s,  however,  Sehwarzenbach  found 
that  transport  became  affected  by  slow  sorption 
kinetics.  For  overland  How  rite  average  velocity  of 
water  across  the  surface  and  in  contact  with  soil 
organic  matter  is  on  the  order  of  0.1  -1 .0  cm/s, 
which  is  10-100  times  greater  than  the  cutoff  point 
for  equilibrium  given  by  Schwarzenbach.  Thus  the 
movement  is  much  too  fast  for  equilibrium  to  be 
established. 

The  amount  of  organic  matter  at  the  surface  of 
an  overland  flow  system,  however,  is  probably  much 
greater  than  for  the  other  types  ofland  treatment, 
Peters  et  al.  (1981 )  found  the  surface  layet  of  soil 
at  their  site  had  a  Kjeldahl-N  concentration  as  high 
as  20,000  gtg/g  after  three  years  of  operation .  If 
this  is  mainly  organic-N  and  there  is  a  ratio  of  about 
20  between  organic-C  and  organic-N,  the  organic 
carbon  content  is  about  20%.  This  large  accumula¬ 
tion  of  organic  matter  on  the  surface  is  consistent 
with  visual  evidence  from  the  CRREL  system  and 
other  systems  that  have  been  in  operation  for  at 
least  several  months  and  may  be  similar  in  character 
to  the  organic  slime  that  develops  on  an  operational 
trickling  filter.  Thus,  while  the  time  for  sorption  is 
rather  short  compared  to  other  systems,  the  surface 
encountered  by  the  solution  in  an  overland  flow 
system  is  largely  organic  in  nature. 

The  substances  studied  an  the  CRREL  system 
were  ordered  according  to  the  magnitude  of  their 
experimental  first-order  rate  coefficients  k  (20aCj^xp 
and  tabulated  along  with  literature  values  for  the 
molecular  weight  M,  the  octanoi-water  partition 
coefficient  A’ow  and  the  Henry’s  constant  H  (Table 


17).  Table  17  shows  that,  in  general,  substances 
having  low  removal  rate  coefficients  had  relatively 
low  values  of  both  AOJV  and  //.  while  substances 
with  larger  rale  coefficients  had  either  a  high  A'(ltt  . 
or  a  moderate  A, lw  and  a  high  //.  When  the  removal 
rate  coefficients  are  plotted  as  a  function  of  log  Aim 
(Fig.  9).  a  good  linear  relationship  is  obtained  for 
many  of  the  substances  tested.  Compared  to  this  re¬ 
lationship.  the  experimental  rate  coefficients  for 
toluene  and  chlorobenzene,  and  to  a  lesser  extent 
chloroform,  are  too  high.  This  result  is  consistent 
with  additional  removal  by  volatilization  for  these 
substances.  The  expeiiinental  rate  coefficients  tor 
PCB  and  PCP.  on  the  other  hand,  are  too  low,  a  re¬ 
sult  expected  because  these  two  substances  were 
found  to  accumulate  on  the  soil,  and  resolubilization 
should  be  possible.  Tins  implies  that  tile  rate  of  re¬ 
moval  may  be  piedictable  using  these  two  mechan¬ 
isms:  sorption  on  organic  surfaces  and  volatilization, 
The  overall  removal  rale  coefficient  kr  could  there¬ 
fore  be  expressed  as  the  sum  c,.'  two  components: 


*T  =*snrh  +*vol 


<«) 


where  <’.M1[b  and  A y[>)  are  the  rate  coefficients  for 
volatilization  and  sorption,  respectively.  The  rate  co¬ 
efficient  k  is  related  to  the  transfer  coefficient  AT  by 


where  d  is  the  solution  depth  in  ent  and  A  vnt  and 
A’sorb  3re  the  transfer  coefficients  for  volatilization 
and  sorption,  respectively,  hi  the  CRREL  experi¬ 
ment  the  average  solution  depth  on  the  slope  was 
about  1 .2  ent. 

We  attempted  to  model  the  loss  rate  observed  ex¬ 
perimentally  versus  that  predicted  using  volatilization 
and  sorption.  To  do  this  we  assumed  that  the  total 
removal  rate  coefficient  was  the  sum  of  the  volatili¬ 
zation  and  sorption  terms,  as  described  in  eq  8. 
Solving  for  the  volatilization  portion  by  combining 
eq  7  and  9,  wc  have 

.  _  1  _ 221.1 _ _  .... 

‘~-a  (L«2.,1000)M1„  ■ 


Rearranging  this  equation  we  have 
1  2.211  H 

fcv„,=  ?  •  - - — — -  .  (It) 

1  d  (0.01042 

Since  the  values  of  the  constants  2.21 1  and  0.01042 
are  only  appropriate  for  the  well-stirred  condition 
at  the  ait/sea  interface  and  the  experimental  system 
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Figure  9.  Removal  rate  coefficients  (20“C)  vs  Kow. 


used  by  Dilling  (1977),  the  equation  was  generalized 
as: 


* 

*v°l  d 


H 


02) 


where  8,  and  B2  are  coefficients  specific  to  an  over¬ 
land  flow  system. 

From  a  kinetic  point  of  view,  sorption  is  analo¬ 
gous  to  volatilization  in  that  interphase  transport 
occurs  across  a  water /soil  interface.  The  same  types 
of  assumptions  can  be  made  about  transport  across 
this  interface  as  were  made  for  the  two-film  theory 
for  transfer  across  the  air/water  interface.  That  is, 
two  stagnant  films  can  be  assumed  to  be  present  on 
either  side  of  the  interface,  with  the  resistance  to 
sorption  being  the  sum  of  the  individual  resistances 
of  the  separate  films.  Again  equilibrium  is  assumed 
to  be  present  only  right  at  the  interface,  and  trans¬ 
port  across  the  interface  is  controlled  by  diffusive 
properties.  The  equilibrium  at  the  interface  can  be 
assumed  to  be  proportional  to  the  octanol-water 
partition  coefficient  Xow,  since  this  constant  has 
been  shown  to  be  proportional  to  the  actual  parti¬ 
tion  coefficient  for  water  and  soii  orgmlc  matter 
(Karickhoffet  al.  1979).  For  all  these  substances 
except  PCB  and  PCP,  soil  analysis  indicated  that  the 
substances  were  not  accumulating  with  time.  Thus, 
for  these  substances  the  back  reaction,  desorption, 
should  not  be  important  and  the  kinetic  approach 
should  be  valid. 

If  we  assume  that  the  sorption  term  has  a  form 
similar  to  the  volatilization  term,  then 


sorb  ‘ 


d  (B4+Kow)M'H 


(13) 


By  combining  eqs  8, 12  and  13  we  can  express  the 
total  rate  coefficient  as 
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(14) 


Using  a  value  of  1 .2  cm  for  d  and  the  values  for  M, 
H,Knw  and  /t(20°C)cxp  from  Table  17  for  each  sub¬ 
stance,  we  subjected  eq  14  to  a  multiple  regression 
analysis  to  determine  the  best  values  for  the  coeffi¬ 
cients  Bt,B2,B3  and  B4 .  When  this  was  done,  using 
nine  of  the  substances  in  Tabic  1 7,  the  following 
equation  was  obtained: 


M20V 


i 0.2563 

- 

S 0.7309 
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(5.86x  I0"4+//)  MU* 
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(1  70.8+ATow>Af»/2 


(15) 


The  residual  root  mean  square  for  lack  of  fit  was 
3. 3x1  O'3. 

The  tola!  predicted  values  for  k(20°C)  and  the 
volatilization  and  sorption  components,  as  well  as 
the  experimental  values  for  Jt(20°C),  are  given  in 
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Table  18.  Experimental  and  predicted  values  for  the  removal  rate  coefficient 
k  on  CRREL  system  using  eq  16. 


k  (20°cr 


PrcJicrcdi- 


Suit:, ranee 

Experimental 

Total 

Volatilization 

S  or  prion 

Phenanthrene 

0.077 

0.046 

0  001 

0.04S 

Toluene** 

0.070 

0.067 

0.020 

0.047 

Chlorobenzene** 

0.064 

0.062 

0,016 

0.046 

Naphthalene 

0.056 

0.057 

0.007 

0.050 

Dibroniochloromethane 

0.053 

frf 

+  t 

+  * 

Pentaehloropheno! 

0.03b 

0.037 

-sO.OOl 

0.037 

PCB  1242 

0.035 

0.042 

0.004 

0.038 

m-Nitro  toluene 

0.030 

0.034 

0.002 

0.032 

Bromolorm 

0.032 

0.027 

0.007 

0.020 

Chloroform** 

0.030 

0.036 

0.016 

0.020 

2,4-Dinitrophenol 

0.019 

0.008 

<  0.001 

0.008 

Diethylphthaiate 

0.022 

0.020 

«  0.001 

0.020 

Nitrobenzene 

0.018 

0.017 

<0.001 

0.016 

•Values  obtained  from  best  fit  line  or  plot  of  individual  experimental  k  values  for  various 
average  water  temperatures. 

■fPredktions  front  eq  1 5  and  values  in  Table  1 7. 

4  *  Experimental  values  for  these  substances  were  obtained  by  averaging  k  values  obtained 
from  June-September. 
ft  Data  not  available  for  prediction. 


Table  18.  The  four  substances  not  used  to  obtain 
the  coefficients  for  this  model  were  PCB,  dibromo- 
chioromethane,  phenanthrene  and  dinitrophenol. 
Dibromochloromcthane  could  not  be  used  since  we 
did  not  find  values  of  H  and  Kova  in  the  literature. 

Tire  experimental  value  for  PCB  was  not  used  since 
it  was  found  to  accumulate  in  fairly  large  amounts 
on  the  soil  with  time,  so  the  back  reaction  (desorp¬ 
tion)  may  be  reducing  the  rate  coefficient  measured. 
The  values  of  phenanthrene  and  dinitrophenol  were 
used  initially .  but  most  of  the  residual  sums  of  squares 
due  to  lack  of  fit  in  the  original  tests  were  for  these 
substances.  For  phenanthrene  the  predicted  value 
was  much  lower  than  measured,  possibly  because  an 
additional  mechanism  was  operating  for  this  substance. 
For  example.  Mill  et  ad.  (1981)  found  that  some  poly¬ 
nuclear  aromatics  undergo  rapid  photolysis  in  water. 
This  additional  mechanism  could  account  for  the 
larger-than-predicted  experimental  rate  coefficient 
for  this  substance.  Dinitrophenol  was  also  found  to 
be  removed  much  faster  than  predicted.  This  sub¬ 
stance.  however,  is  a  fairly  strong  acid  with  a  pKa  of 
4.09.  Thus,  in  neutral  solution,  it  will  exist  predom¬ 
inantly  in  the  dissociated  form.  Removal  of  this  type 
of  substance  is  not  considered  in  this  simple  model, 
and  hence  it  was  not  used  to  obtain  the  coefficients 
for  eq  IS. 


In  general  the  fit  is  excellent  for  most  of  the  sub¬ 
stances  (Table  18).  The  low  experimental  values  ob¬ 
tained  for  PCB  may  be  a  result  of  accumulation  on 
the  soil  oiganic  matter.  The  low  experimental  value 
for  chloroform  may  be  due  to  some  additional  pro¬ 
duction  of  chloroform  on  the  slope,  from  reaction  of 
residual  chlorine  or  hypochlorite  with  organic  matter, 
or  from  degradation  of  larger  chlorinated  organics  on 
the  slope.  When  the  total  predicted  value  from  eq  15 
is  divided  into  its  iwo  components,  sorption  and  vol¬ 
atilization,  sorption  predominates,  even  for  the  most 
volatile  substances  (Table  18).  For  toluene,  the  sub¬ 
stance  with  the  highest  Henry’s  constant  tested,  70% 
of  the  total  predicted  removal  front  solution  is  due 
to  sorption  and  only  30%  due  to  volatilization. 
Equation  15  predicts  that  chloroform  has  the  high¬ 
est  percentage  cf  its  total  removal  rate  due  to  vol¬ 
atilization  (44%)  of  ail  of  the  subsiances  tested. 

These  results  are  contrary  to  the  conclusion  postu¬ 
lated  in  an  earlier  experiment  where  only  very  vola¬ 
tile  substances  were  studied  (Jenkins  et  al.  1981 ). 
However,  the  values  in  Table  18  refer  only  to  direct 
loss  from  the  moving  solution.  Subsequent  volatiliza¬ 
tion  of  substances  originally  sorbed  probably  removes 
a  significant  amount  of  very  volatile  substances  such 
as  toluene  and  chloroform. 
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From  eq  I  5  volatilization  also  accounts  for  greater 
than  97r  of  the  predicted  removal  rate  for  chloroben¬ 
zene.  bromnform,  naphthalene  and  PCB.  Direct 
volatilization  from  solution  is  predicted  to  be  insig¬ 
nificant  for  the  remaining  substances,  which  all  have 
//  values  less  Ulan  10~S  atmosm  '/mole. 

Equation  15  also  predicts  a  higher  rare  of  sorp¬ 
tion  for  naphthalene  than  for  pentachlorophenol 
(PCP).  even  though  the  A'()w  for  PCP  is  over  50  limes 
greater.  This  is  due  to  naphrhalene’s  much  lower 
molecular  weight,  which  increases  its  molecular  dif- 
fusivity  relative  to  PCP.  In  fact,  naphthalene  had  a 
significantly  higher  experimental  A( 20°C)  value  than 
PCP  (Table  18). 

Effect  of  temperature  on  removal  rates 

The  model  developed  in  the  previous  section  (eq 
1 5)  described  the  rate  of  removal  of  an  organic  sub¬ 
stance  from  solution  as  a  function  of  die  Henry's 
law  constant,  the  octanol-water  partition  coefficient 
and  the  molecular  weight.  Changes  in  water  temper¬ 
ature  can  be  expected  to  affect  this  removal  rate  in 
several  ways.  The  value  of  II  strongly  depends  on 
temperature,  as  illustrated  by  toluene,  which  has  an 
//o!'5,ISx  I0~J  atmos  m3/mole  at  20°C  but  only 
2.02x  10~3  atmos-n^/mole  at  0°C  (Leighton  and 
Calo  1981).  Thus  die  magnitude  of  volatilization  is 
expected  to  decrease  as  temperature  declines. 

Information  on  the  magnitude  of  A()W  as  a  func¬ 
tion  of  temperature  is  generally  not  available  for 
these  substances.  Some  preliminary  information 
gathered  in  this  laboratory  indicates  that  KQVI  may 
increase  by  as  much  as  50%  in  going  from  20°  to  0°C. 
This  is  a  further  indication  that  mass  transport  and/ 
or  biodegradation,  rather  than  equilibrium,  controls 
the  removal  rates,  since  rates  decreased  with  temper¬ 
ature. 


Both  the  volatilization  and  sorption  terms  wen- 
developed  using  the  two-film  theory  m  inteiphasv 
transport.  From  l  ick's  Law.  diffusion  is  proportion 
al  to  molecular  diffusivity  D  The  el  led  of  temper¬ 
ature  on  values  of  diffusivity  can  be  estimated  from 
eq  16  (Thibodeaux  1 979): 


wi,  r,  -os  t, 


(lt>) 


where  Tt  and  7\  are  the  various  temperatures  (A) 
and  p,  and  p2  are  the  values  of  viscosity  of  water 
as  these  temperatures.  !l  we  assume  some  value  for 
diffusivity  at  20°C,  we  can  calculate  the  diffusivity 
al  2.5°C  using  eq  16  and  thereby  determine  the 
relative  change  in  the  magnitude  of  diffusion  one 
would  expect.  From  this  effect  alone,  .he  removal 
rate  constant  at  2.5°C  should  be  only  about  57'.? 
of  that  at  20°C. 

Experimental  removal  rale  coefficients  were  ob¬ 
tained  at  an  average  water  temperature  of  2.5"C  on 
2  December:  these  values  and  the  A(20°C)  values 
are  presented  in  Table  19.  Values  of  k{ 2.5°)  were 
lower  than  A(20°C)  values  for  all  substances  tested, 
with  the  ratio  of  A'(2.5°)/l:(20°)  for  chloroform, 
toluene  and  chlorobenzene  were  0.70. 0.2 1  and 
0.47,  respectively.  The  mean  value  of  these  three 
substances  is  0.49.  a  value  comparable  to  that  for 
the  less  volaiile  substances.  Based  on  these  results, 
eq  15  can  be  modified  to  predict  removal  rates  at 
temperatures  other  than  20°C: 


k(«  r. 


(T2- 1  .0019\ 

"•  ] 

V  293  ^  ) 

jld-jM1/2 

B , 


A' 


IdAftP  (A'  OW  +  *4> 


(17) 


Table  19.  Comparison  of  experimental  removal  rate  coefficients 
at  20°  and  2.5°C. 


Substance 

Rate  coefficients  lutin'1 1 

k  f20aC) 

k/2.S°CI 

kJ2.S°J/k(20°) 

Phenanthrene 

0.077 

0.027 

0.35 

Toluene 

0.070 

0.022 

0.31 

Chlorobenzene 

0.064 

0.030 

0.47 

Naphthalene 

0.056 

0.029 

0.52 

Dibromochloromethane 

0.053 

0.021 

0.40 

Pentachlorophenol 

0.036 

0.027 

0.75 

m-Nitrototuene 

0.030 

0.012 

0.39 

PCB  1242 

0.035 

0.013 

0.37 

Bromoform 

0.032 

0.016 

0.50 

Chloroform 

0.030 

0.021 

0.70 

2,4-Dmitrophenol 

0.019 

0.010 

0.53 

Diethylphthaiatc 

0.022 

0.006 

0.27 

Nitrobenzene 

0.018 

0.007 

0.39 

where  /\ ,  [J ,  and  //,  are  ihe  runoff  temperature 
(°Al),  viscosity  at  7, ,  and  Henry’s  law  constant  at 
Tj,  respectively, and  293  and  1.0019  are  the  temper¬ 
ature  and  viscosity  of  water  at  20°C. 

Model  validation  using  data  from  the  Davis  site 

To  test  the  relationships  developed  on  the  CRREL 
system,  an  experiment  -vas  conducted  at  the  Davis, 
California,  overland  flow  site  on  10  December  1981. 
The  average  water  depth  or.  the  Davis  site  was  esti¬ 
mated  at  2.3  cm  by  making  a  number  of  measure¬ 
ments  at  various  locations.  The  average  water  tem¬ 
perature  was  16.5°C  on  the  day  of  the  study,  and  the 
average  detention  time  was  estimated  to  be  240  min¬ 
utes.  The  detention  time  was  harder  to  determine 
than  at  the  CRREL  site  because  of  a  much  longer 
detention  time  and  higher  background  chloride  con¬ 
centrations. 

The  predicted  removal  rate  coefficients  for  the 
13  substances  studied  at  CRREL  plus  benzene  are 
given  in  Table  20,  along  with  experimental  values. 

The  values  were  predicted  using  eq  1 7  far  a  total 
slope  detention  tiine  of  240  minutes  and  an  estimated 
water  depth  of  2.3  cm.  The  viscosity  of  water  at 
16.5°C  was  estimated  to  be  1.095  N-s./m,  and  the 
Henry’s  law  constants  for  toluene,  benzene,  chloro¬ 
benzene  and  chloroform  were  estimated  at  4. 42  x  I  O'3, 
3.71xl0~3,  2.32xl0'3  and  2.66xl0~3  atmos-m / 
mole,  respectively,  using  the  best-fit  relationships 
developed  by  Leighton  and  Calo  (1981).  Values  of 
H  fot  the  other  substances  were  estimated  to  be  75% 
of  their  values  at  20“C.  Values  of  Aow  were  assumed 
to  be  the  same  at  163°C  as  for  20°C. 
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The  experimental  rate  coefficients  ire  quite  sim¬ 
ilar  to  those  predicted  using  eq  1 7  and  the  coeffic¬ 
ients  for  .  5, .  B3  and  BA  obtained  on  the  CRREL 
system.  As  found  at  CRREL.  the  experimental 
values  for  phenauthrene.  bromoform  and  2,4-dini- 
trophenol  are  somewhat  higher  than  predicted.  All 
the  other  values  are  either  the  same  or  slightly  lower 
than  predicted,  with  the  largest  deviations  found 
for  the  most  volatile  substances. 

The  low  results  for  those  substances  that  are  pre¬ 
dicted  to  volatilize  may  be  because  the  water  is  much 
deeper  at  Davis  than  at  CRREL.  The  increased  water 
depth  probably  decreases  the  surface  area  of  the 
air/water  interface  available  for  gas  transfer,  since 
much  of  this  surface  area  in  the  shallower  CRREL 
system  seems  to  be  associated  with  plant  debris  and 
surface  irregularities,  which  are  mostly  submerged 
at  the  Davis  system.  Lower  rates  of  volatilization 
may  also  be  attributed  to  decreased  turbulence 
associated  with  the  longer  detention  time  on  the 
Davis  system-  The  increased  depth,  on  the  other 
hand,  should  nor  significantly  affect  the  surface 
area  of  the  water/soil-organic-matter  interface,  and 
the  actual  rate  coefficients  for  those  substances  pre¬ 
dicted  to  be  removed  predominantly  by  sorption 
are  close  to  the  predicted  rate  coefficients 

Final  removal  processes 

The  kinetic  relationships  described  above  only 
represent  removal  from  the  moving  solution.  Vola¬ 
tilization  is  a  terminal  removal  process,  at  least  with 
respect  to  the  overland  flow  system.  The  propor¬ 
tion  of  removal  due  to  direct  volatilization  from 


Table  20.  Experimental  versus  predicted  removal  rate  coeffic¬ 
ients  for  die  Davis  site. 


Substance 

Rate  coefficient  (min'1 )  at  I6.5°C 

Experimental 

Predicted 

Phenanthiene 

0.031 

0.022 

Toluene 

0.018 

0.032 

Chlorobenzene 

0.018 

0.029 

Naphthalene 

0.020 

0.026 

Dibromochloromethanc 

0.018 

* 

Benzene 

0.015 

0.024 

Pen  tachloro  phenol 

0.013 

0.018 

m-Nitrotoluene 

0.01 1 

0.015 

PCB  1 242 

0.020 

0.020 

Bromoform 

0.017 

0.012 

Chloroform 

0.012 

0.017 

2,4-Dinitrophenol 

0,009 

0.004 

Dietbylphihalate 

0.003 

0.009 

Nitrobenzene 

0.008 

0,008 

‘Data  aot  available. 
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solution,  however,  appears  to  be  small,  even  tor  rhe 
most  volatile  substances  (Table  18).  Thus,  the  bulk 
of  the  initial  removal  from  solution  seems  to  be  due 
to  sorption. 

Sorption,  however,  is  not  an  infinite  sink  for  these 
organics.  In  overland  flow  the  solution  comes  in 
contact  with  only  a  relatively  small  surface  area,  be¬ 
cause  movement  occurs  rapidly  with  little  penetra¬ 
tion  into  the  soil.  Thus,  if  these  substances  accumu¬ 
late  on  the  surface  with  time,  desorption  may  reduce 
the  net  removal  rate.  This  may  have  been  what  hap¬ 
pened  with  PCB.  If  these  suhstances  are  applied  long 
enough,  removal  should  cease  when  the  rate  of  de¬ 
sorption  equals  the  rate  of  sorption. 

To  determine  if  these  substances  would  accumu¬ 
late  with  time,  soil  samples  were  collected  periodi¬ 
cally  at  the  CRREL  site.  Except  for  PCB,  and  to  a 
lesser  degree  PCP,  the  substances  did  not  accumu¬ 
late.  For  most  of  these  substances,  then,  some  addi¬ 
tional  removal  mechanism  nr  mechanisms  must  be 
operating  once  the  substances  are  sorbed;  the  most 
likely  mechanisms  are  biodegradation  and  volatiliza¬ 
tion  from  the  soil  surface.  Because  pentachlorophenol. 
which  has  a  lower  H  than  PCB,  accumulated  to  a 
much  lesser  degree  than  PCB,  processes  other  than 
volatilization  must  be  removing  some  cf  the  pre¬ 
viously  sorbed  organics  from  the  soil.  In  fact,  of 
the  twelve  substances  tested, eight  had  H  values  sim¬ 
ilar  to  or  less  than  that  of  PCB,  and  none  were  found 
to  accumulate  significantly. 

Biodegradation  is  difficult  to  model  at  these  levels 
of  trace  organics.  Biofilm  models  have  been  devel¬ 
oped  for  treating  primary  substrates  of  bacterial 
metabolism  (Williamson  and  McCarty  1976).  Rubin 
et  al.  (1982)  and  Subba-Rao  et  ai.  (1982)  found 
that  the  kinetics  of  mineralization,  the  extent  of 
assimilation,  and  the  sensitivity  of  mineralizing  pop¬ 
ulations  to  several  organic  compounds  (phenol,  ben¬ 
zene,  ben zy lamine,  aniline  and  2,4-dichlorophenoxy- 
late)  are  different  at  trace  levels  than  at  higher  con¬ 
centrations,  both  in  freshwater  and  sewage.  They 
found,  for  example,  that  the  rate  of  phenol  miner¬ 
alization  was  a  linear  function  of  concentration  at 
levels  below  1  ppm,  feO  off  between  1  and  100  ppm, 
and  was  again  high  at  levels  above  100  ppm.  They 
attributed  this  to  the  activity  of  two  kinds  of  organ¬ 
isms:  oligotrophs,  which  are  active  at  tower  concen¬ 
trations,  and  eutiophs,  which  are  active  at  higher 
concentrations.  Oligo trophic  organisms  are  able  to 
live  under  conditions  of  very  low  carbon  flux  (less 
than  I  ppm/ day)  and  require  a  lower  minimum  sub¬ 
strate  concentration  than  eutiophs,  although  their 
maximum  growth  rate  is  also  lower  (Kobayashi  and 
Rittmann  1982).  Rubin  and  hh  co workers  found 
from  ,4C  labeling  that  these  oligotrophs  assimilated 
little  or  none  of  the  carbon.  This  co-metabolic  type 


of  metabolism  may  occur  because  oligotrophs  fre¬ 
quently  possess  several  inducible  enzyme  systems 
and  are  able  to  shift  metabolic  pathways  and  use 
mixed  substrates  (Kobayashi  and  Rittman  1982). 

Because  of  the  low  concentrations  of  organics 
added  to  the  wastewatei  in  this  study,  degradation 
by  oligotrophs  seems  plausible.  Rubin  et  al.  (1982) 
also  found  that  mineralization  was  enhanced  in 
waters  with  higher  nutrient  status.  Specifically  they 
found  greater  activity  in  sewage  than  in  lake  water. 
Finally  oligotrophs  apparently  prefer  an  attached 
rather  than  a  free-living  existence  and  are  usually 
found  living  in  biofilms  (Kobayashi  and  Rittmann 
1 982).  All  of  these  factors  lend  credence  to  the 
idea  of  biodegradation  by  organisms  associated  with 
the  nulrient-nch  organic  layer  covering  the  overland 
flow  slope  following  initial  sorption  from  the  moving 
water, 

A  biofilm  model,  similar  to  that  of  Williamson 
and  McCarty  (1976),  is  analogous  to  the  iwo-film 
approach  adopted  here,  with  the  rate  of  metabolism 
high  enough  to  assure  essen bally  no  background  at 
some  distance  into  the  film.  This  assumption  was 
possibly  violated  only  for  PCB  in  the  present  case. 

If  biodegradation  accounts  for  all  the  secondary  re¬ 
moval  observed  following  sorpbon,  the  maximum 
biodegradation  rate  coefficient  would  only  have  to 
be  0,0167  min-' ,  or  one-third  of  the  maximum 
observed  removal  rate,  because  wastewater  was  only 
applied  8  hours  per  day. 

Another  possible  secondary  removal  mechanism 
is  plant  uptake.  Analysis  of  plant  tops  for  PCB 
following  wastewater  application  yielded  the  results 
shown  in  Table  1 6.  None  of  the  other  trace  organics 
added  was  found,  with  the  possible  exception  of 
pentachlorophenol.  which  could  not  be  determined 
because  of  analytical  interferences.  This  was  not 
surprising,  since  no  detectable  residues  remained  in 
the  soil  either. 

Uptake  and  translocation  of  FOBs  have  also  been 
observed  in  other  plant-soil  systems  (Mrozek  et  al. 
1982).  However,  the  relative  amounts  translocated 
are  apparently  species-specific  (Strek  1980),  and 
negative  results  have  also  been  reported  (Davis  et  al. 
1981).  The  preferential  uptake  of  the  PCB  isomers 
with  lower  molecular  weights  (Mrozek  et  al.  1982) 
is  expected  because  of  their  higher  water  solubility. 

In  this  study  we  observed  enhancement  of  the  heav¬ 
ier  isomers,  suggesting  some  metabolic  alteration  of 
the  lighter  isomers  by  the  plants  or  soil  (Strek  1980). 
However,  the  low  rate  of  accumulation  in  the  edible 
plant  parts  suggests  that  there  is  no  problem  with 
food  chain  transfer,  since  biomagnification  factors 
(concentrations  in  plant  tissue  compared  to  concen¬ 
tration  in  water)  were  close  to  I . 
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SUMMARY  AND  CONCLUSIONS 

1 .  Overland  How  was  found  to  be  an  effective 
process  for  die  removal  of  trace  levels  of  a  variety 
of  organic  priority  pollutants  from  municipal  waste- 
water.  TT.e  extent  of  removal  was  found  to  be  a 
function  of  the  application  rate  or  the  average  deten¬ 
tion  time  of  a  wastewater  on  the  overland  flow  slope. 

2.  The  rate  of  removal  of  these  substances  from 
die  moving  solution  followed  first-order  idnetics  for 
all  die  substances  tested,  while  the  first-order  rate 
coefficients  obtained  varied  significantly  from  one 
substance  to  another. 

3.  The  magnitudes  of  the  rate  coefficients  ob¬ 
tained  for  13  substances  were  consistent  with  two 
transport -limited,  competing,  first-order  processes: 
sorption  on  soil  organic  mattei  and  volatilization. 
Equations  were  developed  for  each  process  at  20°C 
using  the  two-film  resistance  theory  and  the  coeffic¬ 
ients  obtained  by  multiple  regiession  analysis  using 
the  experimental  values  from  the  t'RREL  system. 
The  resulting  model  allows  the  prediction  of  removal 
rate  coefficients  for  a  specific  organic  substance 
using  its  molecular  weight,  its  octand-water  partition 
coefficient  and  its  Henry  's  law  constant. 

4.  Of  the  13  substances  tested,  PCB,  and  to  a 
lesser  extent  pentachlorophcnoL  accumulated  on 
the  slope.  Thus,  if  sorption  accounts  for  most  of 
the  removal  from  solution,  some  additional  mech¬ 
anisms  must  be  operating  once  these  substances  are 
sorbed  on  the  soil  surface.  These  mechanisms  are 
thought  to  be  biodegradation  and  volatilization. 

5.  Except  for  PCB.  none  of  these  organics  was 
detectable  in  the  grass  collected  from  the  site. 

6.  The  removal  rate  coefficients  depended  on 
temperature.  The  model  was  extended  to  allow  pre¬ 
dictions  at  water  temperatures  other  than  20°C. 

7.  The  model  developed  with  data  from  the 
CRREL  system  was  tested  at  the  Davis,  California, 
municipal  overland  flow  site.  The  experimental  rate 
coefficients  obtained  for  13  substances  weie  very 
similar  to  those  predicted. 
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APPENDIX  A.  EXPERIMENTAL  OVERLAND  FLOW  DATA.  HANOVER. 


Table  A1 .  Results  for  23  June  1981  through  10  December  1981 . 

The  types  of  analysis  are:  a)  purge  and  trap  GC/MS/SIM,  b)  solvent  extraction  (pH  12)  GC/ECD,  c)  solvent 
extraction  (pH  1 2*  HPIC/UV,  d)  solvent  extraction  (pH  2)  GC/ECD.  The  concentration  data  are  for  the 
indicated  fractions  of  the  distance  down  the  slope. 

rwn ntvTi  ovcftiMio  Kon  -  slo^c  p 

lmc;  ?5  jjt*r  i?ai 

APciCAlioh  #»«*.  4  tt/etnl  r.«  <ta/ftr>  0.12*  i***5/nr~ ■  wtatM 

■  I*  TCMAfR ATuat * 

yt»tHf«:  Partly  tunny*  brttiyi  r.  \n  night  Mfert 

rewtauiiTiM 

MMStOltt  Tffi  0*  a*l«C  AFP  i/I  i/I  i/2  5/4  RUNOFF 

ChUrtfltfl  trg/lt  * 

lllutM  l*0/l»  m 

(hloftirmint  « 

*  rmtof  log/ti  * 

tn<i/l*  a 

*r**0 f*ra  <  ng / 1  )  A 

i-Ctil«r«tUi|il«ln|il  tliiif  ing/li  b 

jnSAOMit  'nest*  b 

JlbroeechUroeet  sen#  Ing/l  >  to 

Iftg/t)  t 


teotoluene  tno/ii 

n 

??*T 

lb. 6 

v.4 

2.4 

<4 

01»t*rWMh*let#  mgm 

to 

•Cb  t?*>  liia/ll 

D 

5*1.5 

3M 

14.1 

4*i 

<rt 

tng/ll 

< 

»•♦» 

<• 

<d 

inthren*  ing/ti 

< 

*5.i 

Ur* 

1.1 

<« 

<d 

1 1  ot  t In^/i  1 

d 

acfclorophvAOi  <no/l  » 

ro',jl*»t  «*eA> 

4 30  (»a/4) 

liC  «<*g/ti 

d 

SF.3 

t’S  U4/U 

ill 

n 

> 

IS* 

o**  tp*«  got  tel 

IL 

14 

9 

« 

10.4 

21.? 

*?.* 

aft 

t  AROtrtturr  *»l 

20.0 

>? 

?» 

)rnt*  Umi»> 

y  uLwki  Ul 

:ii»*  hik  it/Mtii 

iJ* 

5-2 

e.F 

0.5 

■NT 

Copy  available  to  DTIC  doe*  not 
permit  fully  legible  reproduction 


31 


<a«M  ■(■!*?:  uii  un&  »  iui  -  SLOP!  f- 
V*  i  •  ;  -  j  jiinf  1  “f  1 

■HllllTIO*  fc  ■  i  f  ;  (l/iln)  f“.A  Ica/hrl  0.17R  of 

»xp  iippirhum  :  <i  c 

leather:  uouUn  no  aino«  ar»jrl? 

CCNtr  in  *  T  IQN 

CUFSTANCI  TYPE  PE  IRIL  APP  l/fl  1M  1/7  5/A  ftUHOEF 


rnUrolora  Cni/ll 
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94.0 
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c.« 

9lnttr«shpnil  tittf/lk 

d 

105 

71.2 

71.2 

23.7 

7,  * 

Pmtichtorophfnol  (nq/it 

d 

*?•? 

37. A 

58.7 

L.D 
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4. 
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* h lorobf r it ne  (n./ll 
l  aril  m*  l*)i  /  l  > 
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Ex»f»lNE*r:  overland  *ioa  •  SL^pr  i- 

n*1t:  7  Ou'y  1 9 *»  1 

APL  i  cat  ion  rme  :  *  *l,,,nl 

AIR  TEPPERITURC:  ?"  C 

ACAIHtftt  Sunny.  brtttY 


«*  I  r  ■ /h  r  ) 


SUBSTANCE 

Chief otora  (ntf/ll 
TllUin  tng/l) 
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SU&ST ANCE 


CaPEKlKEKi:  0  VC  Pi.  ANO  F  LO  ■  -  SCOPE  8 
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raPouHENT:  ovealano  flow  -  slope  a 

OATES  2S  July  1991 
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£ If CRIMEN?;  OVERLAND  FLOW 
QAIES  13  Augutt  im 
aplication  rate : 
air  temperature:  20  c 

RE  A  T  MLR  I  CLoudyt  sllg 


’V 


0.2*8  I M* •3/Rr-B  qf  alolh) 


SUtST  ANCE 


TYPE  OF  ANAL  APR 


CONCENT* IT  ION 
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Phcrunthrent  (ng/l) 
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1 

1 

21.2 

12*1 

14.9 

9.1 

7.1 

••4 

STathylahthalAta  t*«/t) 

1 

31.4 

19.1 

11.0 

1S.T 

».? 

hft 

PCI  1242  (ng/l 1 

1 

10.0. 

1ft.  A 

10.0 

Sal 

M 

1.1 

NaaAtlalana  (ng/l) 

RhanaMhrant  Ing/O 

OtMtraghanal  tni/19 

Rantathlar+aAonal  m«/U 

TatAl-1  tat/ll 

•00  Ug/O 

TOC  Ut/U 

Tift  4M/1. 1 

Tit  «M/U 

»tt  I  gw  ynUil 

ttaa  (alfiwtlll 

Tt*B*7Mwf#  (C) 

I  into  (Avifll 

V»(MI  to 

HMi  MM*  Wt 


11 

ii 

$0 

1 

ft 

1ft 

42 

ai 

ft 

1 

l.ft 

1.1 

IM 

t».S 

u.l 

IT 

11 

11 

ft* 

19 

t* 

H 

ftlftft 

a 

lat 

lal 

0*0 

1*1 

1991 

•aft 
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e aPCRiffCNf :  avCKLAmO  fed- 


slop  t  r 


OATL:  3  bept^aD tr  Hhl 

bPLlCATlO*  RilC:  12  <l/aln»  z.t-  »  ca/r>  r  i  0.2AB  <»**3/hr-«  nt  Higth) 

»m  UHPCAA1URE:  ?c  : 

dtATMER;  c  loud  i  *  slight  brn 

^  .  COHCf  N  Tr  i  T  I  0*> 

SU&SUiCC  t  T  PC  OF  *AA  L  kP>  1/h  1  f\  l/?  5  /.  )jvo»F 


Chlorofora  Ing/ll 

a 

22.  b 

30.1 

7.7 

1.5 

tolu#n*  tnfl/ll 

a 

4.4 

1.5 

<c 

<  ri 

Cniarabamana  in©/ 11 

a 

37.6 

?«.■» 

1.4? 

3.1  1 

lenient  ing/ll 

a 

I rolof or.  ing/ll 

a 

tjroaotora  <ng/l  1 

b 

77.1 

Ad.rt 

33.* 

1?  .4 

7.1 

01 bronoe h loroutt h an*  (ng/ti 

0 

10.3 

4,  5 

>.C 

0.*?J 

C.  3 

N1 trobanien*  ing/ll 

0 

■-X1 t r q t 0 lu*n e  (ng/ll 

0 

10. b 

24.7 

lb. 5 

*  .0 

1  .H 

Olethylphth*l*te  ing/ll 

0 

80.*! 

58.5 

55.5 

*1.2 

’.J 

PCfi  12  A  2  Ing/ll 

b 

te.o 

43.5 

15.7 

8.4 

1.2 

MaoMfcalane  ing/ll 

c 

80.1 

35.3 

19.0 

<d 

<  n 

PHtfiRMthran*  Ing/ll 

e 

A  1*5 

33.5 

a. a 

C.P 

<<3 

dint  troohcnol  (ng/ll 

6 

Ul.l 

71.8 

30.  C 

i  3.  3 

Itntiehloroohenot  (ng/LI 

d 

55.5 

24.2 

7.4 

1 .4 

Tatal-N  iag/U 

BOO  lag/ll 

TOC  (ng/O 

TSS  « Mg/1 1 

vss  (ap/i > 

pH  (pH  unlit) 

Mb*  (BfAUttt) 

0.0 

ft.  A 

14.8 

33.5 

50. 3 

57 

u 

18 

18 

IB 

18 

1  k 

0*ptb  (b*«*«Bl 

1.3 

1.5 

1.4 

0.«» 

dim*  «i» 

3400 

3  ?  A  A 

Steady  Stats  Rat*  (1/Mln) 

12 

8.7 

SUBSTANCE 


E  XP IR  tftE  Ml Z  OVC  *L  ANg  f LOW  -  SLOPE  B 
OMfl  24  *tp» *«ttr  mmi 

APL  I  CAT  ION  RATE  •  12  M/Mn)  1.1  ««a/hr»  ».?4B  <a«-3/br-a  •  «  mittthi 

AIM  TC*PC«ATU*£:  14  C 

uCatnCm:  Clou*?.  caol,  ftfMty*  rain  *arllvr 
t«Pttt»rt  btior 

1  ARC  OF  ItUL  APP  IP*  I/A  l/i  5/A  RUNOFF 


Ivlutnr  Ing/ll  * 
CHlar*ban»*n«  <ng/ll  a 
tttnitn*  t*v/fcl  a 
iPMofgr*  ing/ll  a 


l.mltri  ing/ll  b 

2-thl*/attftyl vinyl  »th«  ing/ll  b 
Unknown  ipg/ll  b 

01br»*»t»l«roHtb«ii*  ing/ll  b 

IMtrfMNtW  i»»*/l>  b 

•.NitrAUluihi  <ft«/l)  t> 

OlittiylBklkiUtl  tit|/U  t> 

PCM  121?  (A«/tl  b 

Map* t ft a  lent  (nt/l>  c 

PhmjntbrVn*  (ng/ll  i 

OtutlrlBiml  Ini/ll  « 

FtittidiUrioAtiMl  (n«/ll  * 

TMtbt-ft 
liOO  1*9/11 
lac  mm 
m  **9/o 
m  **9/i > 

»M  |»M  units 1 
Mi»  lalnutatl 
iPM»«f*turf  *wl 
Ifltk 
/•tub*  til 

Oaarfy  Slat*  naft*  «|/Mtnl 


0.47 


9M 
74.9 
A  5-1 
7b.  4 
*1.1 


T5.A 

ia.i 

Ji.A 

59.1 


11.9 

71.1 

*«.* 

A».A 


?».t 
55.1 
19. • 

17.9 


lb  .5 
3T.T 
7.7 

4.1 

2.1 


!■•» 

15.1 

7.5 

4.7 

1.1 


J.L 

O 


14*9 

1.1 


27*5 

14 

*•4 


38 


Copy  <ivailQbte  to  DTIO  does  not 

permit  tully  lecibl>3  icpioduc&oa 


SUBSTANCE 


ClPtHHCNT:  OVERLAND  TLOd  -  SLOPE  A 
0*T£:  ?9  Seoteabef  1M1 

iPL  1  CAT  1  ON  HAH:  b  ■•*  <l 

lift  TCNPEAATdftl ;  10  c 

a£ITHfft:  3frfl»i  wTrtdf*  rain  last  nl  i>M 

CONCTNTftAl  ION 

TTPt  Of  ANIL  *PP  1^6  l/m  l/‘ 


Q.2*tf 


9  J  VD=  e 


Chlorofor* 

(oiutne  <ng/t> 

Chlorob*o<en«  <ng/t» 

Bentene  <rtg/l» 

8ra*3*cra  (n«H> 

Broaofor*  <ng/D 
Dlbroadcr LoroaetRARe  <ng/l> 
Nit fob*ni#ne  <ng/t> 
l-Utt tng/ll 
0 tethy lohthalate  lng/l> 

PCB  12*2  Cnfl/l> 
NeOhtftAten* 
pheflanthrerte  tng/l* 
Ololtrapheool  <ng7l> 

ftn»«<Nlereph*nol  <itg.‘l) 

T OtoL-tt  <•«/!» 

BOO 

TOC  Tag/l* 

rss  «no/i> 

TS$  (a«/l) 
pH  tpM  unit  *1 


T*ap*nturi  IC» 

Dtltlt  IAhn-ch* 

VfllUNt  <1* 

Steady  State  Rite  (t/#Wt> 


?*.l  1 • ♦ 2 

1.7  O.b 

7*. 5  52. t 

101.7  fcl-1 

15.1  A. 5 


10.1  *.9 

o.s  ?.C* 

i  «»,  9  ?  .5 

a*.f>  21.5 

5.7  ?.t 


a.?  2.7 

<<J  CO 

l.«*  0.55 

15.5  12. 5 

1.5 


d 

a 


10*  10b  9S.0 

109  1 1 D  H? 

50.2  56.0  28. A 


*5.9  *  fi  •  1 

flt.l  75.7 

20.0  !&•« 


5.75 

11.5 

25.0 

5*. 5 

*6 

19.5 

1* 

12.5 

12 

12 

l.B 

0.7 

1.0 

0.6 

■  tdth  1 


SUBSTANCE 


CI8CRINEUT:  OVERLAND  FLO*  • 
CATE:  7  October  19B1 
•PLICATION  RATE: 

AIR  TfRPCRRTURE:  13  C 
wcatmcr: 

ITPE  OF  ANAL  AM 


SLOPE  P 

12  M'Nlfi)  O.o  te#/*r* 


0.29%  T«*«S/hr-*  •*  nto ti»> 


ftjNOFf 


Chlorotsra  'rtt/D 
<ng/l* 

CMortbtAltnt  ing/l> 

B*n*rn* 

IroHler*  <n«7l) 

B  ra*otor ■  tng/ll 
OlbraiolhltroatthMt  tng/tl 
NHratinttn*  <ng/tl 
i-NltratBiutnt  «ng/l» 
D1*tA»ipAtli*U»«  tog/O 
PC#  12*2  <*97t» 

Naohthilene  co*/L> 
•ktninlhrcnt  (R4/l> 
5tAUr»Bhf*»t 
Pmtitll«r«DA*Ati  tno/ll 
T*t *1-H 
BOD  <P«/U 
TOC  U»7U 
m  /t» 

•  sc  u»/0 

pH  (0#  UAtt«* 

Hm  lalnwletl 
ftaptratart  IC1 

Bt#t»  u*«‘n» 

«*Uit  tl> 

Steal?  St  At#  Rot*  tl/olftl 


a 

d 


0.0 

8.9 

1  A.R 

93.5 

it.-* 

lk 

15 

1* 

1* 

1? 

2.5 

1.2 

1.1 

U? 

r?f0 

12 
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1*5 

9.5 


0 . ? 4 }  6  C  ■  1  a  t  h  l 


t  «af .  i*»t \T :  tvE«L*40  Flo.  -  slO»£  P 
kit  :  »■*  Gel ob»  r  19*1 

- <* » 1 1 * 1 1 3%  «  atc  :  12  Ii/*1nl 

M*  II  1->E  *  AlU»(  ;  13  C 


.f  nm*: 

cut  :.T  !•*;-.  '»'■•■ 

*r.  laro  1<*f  *  C*ii/li 
l  l  * 

Ch  lorflRfnjfnf  1'iu/U 
If  nJrnt  Inj/D 

4rati*tor« 

Hroio'or*  I  o  :/l  I 

1  \  arv^ocftlar  o*»*tP  ar.e  (fto/l  I 

■H|rQ2e«rn* 

*-S1lrotolufnr  <nu/lt 
)  1  *thy  lo**  t*.  l.t*  t"Q>l» 

PCD  171?  «n?/l» 

ItDttKAlenf  (nq/l> 

Phe^Awthrertr  inq/U 
Otntlroo^r^il  intf/U 
^rrtl  ,chl(Sroan*no  L  InaMl 
UUl-N 
103  <*q/l> 
rQC  <*9>IV 
rss  (-9>l> 
i«q/t> 

OH  C  pH 
T4.«- 

Tf»atriturf  < C > 

Jcoth  Uve-«4> 

velj»f  til 

ite*dy  Slate  Kat*  Cl/«lnl 


Sunny,  root 


Tf 

*S*L 

1  /» 

C3NC  f  NIC  A  T | ON 
1/4  W? 

3/4 

«  J*OFF 

•i 

M.9 

b?.l 

44.4 

J?.3 

S 

19.3 

i  I  .4 

6*1 

7.1 

J 

1C?.  3 

»h.3 

51.4 

?f..5 

A 

* 

O 

114 

91. C 

or.* 

97.4 

36.1 

26.0 

t> 

11.? 

10. P 

10.0 

6.3 

3*2 

2.2 

3 

t> 

4?./ 

46.7 

4*. 3 

36.5 

J?.0 

19.3 

6 

12.9 

k8.fr 

47.7 

43.5 

33, B 

30.6 

6 

20*6 

14.7 

17.6 

14*5 

4.5 

3.9 

< 

C 

d 

H2.6 

66*1 

t*.l 

13.  » 

d 

11.9 

10.9 

9*9 

4.4 

1.4 

1.6 

0.0 

8.4 

16.  B 

33.  5 

50.3 

67 

15 

15 

15.5 

14.5 

14.3 

15 

288  J 

1? 

1.5 

1*3 

1.3 

1.2 

2307 

9.4 

SUB$f AUCC 


tKI»E« XNCNT:  OHIIWD  FLOW  -  SLOP!  » 

0*11-:  21  0*t#9* r  l4ftl 

tnictiitv  mu:  u  «»/•«•»  »•»  ****5/,,r 

•It  u,rt»»tu«E:  ».•  c 

UtiTMCk:  ClHl»  «••«»  »»•»»»  <W 

tuc  or  uu  Iff  t/«  iff  Ilf  j I*  «u«crF 


CKUntsra 

t»i«*ne  <nq/t » 

C6lor»6cA7*A*  u*/ll 
Umiffl*  (BfAl 

irwtfira  <n«/l) 

SrMtlin  l"*/U 
!>CliUr**tkylv1av(  FtN»  l n%f it 
UnkMm 

aibrauthltftntkmr  lti«/L> 
altrobtitrM  ««q/t» 

fttetfcyl* %»haia»e  «**M> 

»CI  m» 

«lpktk*lMr  ««,*/!» 
pftMMthrm  Cn«/I> 
)1«llr«9lilMl  (*%»/!  1 

latlt‘1  4**/U 
190  ll«Al 
Mtc  I»|AI 
1SS  (»•/!> 

7  6*  l»t^» 

TiM  WluMlM* 

THi*r«ttire  (Cl 
inti  U«ct*> 
lit 

t»M*y  ttlit  (*»*  *W*tltt 


6 

81.6 

61*9 

43.7 

79.1 

2ft. 7 

0 

33*6 

51.2 

76.6 

1ft. 3 

■•7 

6 

icoo 

•13 

976 

•44 

347 

0 

10*4 

7.5 

4.6 

2.6 

1*6 

6 

6 

36*0 

34.2 

3ft  <2 

26*9 

22.4 

6 

16*3 

1*1.1 

79  .ft 

64.1 

66.1 

6 

*!.*♦ 

M.T 

11.6 

1.2 

2*1 

« 

31.1 

15.9 

21.1 

11.7 

3.6 

4 

CM 

>1*5 

26,4 

23. ft 

24.6 

4 

(1 

9.4 

0*4 

7. ft 

7.4 

6.4 

6.3 

7a 

69 

43 

11 

29 

14 

?«*6 

7B.1 

21.3 

71.6 

lft*6 

16.2 

44 

44 

IT 

1» 

11 

f 

37 

42 

15 

13 

1C 

T 

0*0 

1.4 

7.3 

15*9 

72.9 

30 

12*4 

12.9 

12. ft 

11.2 

1ft. ? 

11,5 

mi 

!• 

ui 

1.4 

».* 

1  *• 

4971 

36.2 

•1  tttdlli 


40 


sini»r  “ 


LA’lulaC  M:  0vCfrLA*<3  riO#  - 
-*Il  ;  *'  octooer  1  *•  -  i 
i^LiCAiiav  3 i u:  ^  u/**r'i 

A  1 2  1E-°I  >  t 

«|itHE4!  C  l  on  J  *  •  ratr-ife  Lait  sr.er.i 


.•  ( m/''  r  » 


SJSST*J*Cl 


1 1  PE  j*  A*<4L 


ChLO/ofar<  (nj/l» 
faljene  «ng/t» 
cnlorooemene  (ng/l  ) 
fr.q/ll 

3ro«otor*  (m/O 
iroaofdri  (m/l» 
jlBroficnlgraveintnt  lr*a/i » 
Rltrooenjene  <na/l» 
4-MtrotoluPnr  <ni/0 
3l*thytot*tHatate  lm/1) 

PCB  l?4?  Ing/U 
iliDhthatfnf  ErtQ/l) 

P  ti  r  n  a  rtt  h  r  rrtfr  (ng/|) 
a<n<tropKfri9^  <ng/l> 

Pent  ach  l  or  opnerio  1  1n<j/l> 

Total-H  <•«/»» 
tl 00  <ag/U 
TOC  <ag/l> 

ISS  i«g/l> 

WSS 

pH  <0M  unltlt 
T  far  4a»nute*> 

Teap«r«ture  IC» 

Depth  t l»f-ca) 

Votua*  »U 

St*. dr  State  Rat*  U/atn) 


l 

l*.s 

i  i*.e 
03.1 
55.5 

i?.t 

*H.7 
Jfe.b 
•  7.5 


•  1.4 
23. S 

HC.fr 

?0.  * 


13.5 

11. fc 


31.5 

‘  a.c 

1  7.5 


1 T.;- 

1.7 

l  1  7 


2  7.0 

i  1.2 

1.1 


■S4  .o 

'••6 

1  .0 


12.  * 

Zmi 


U,  17 
•  .9 


LUPCftlKCHT:  OVCHLANO  FLOW  -  SLOPE  8 
due:  3  ’lowea&er  lfsl 
APLltATIOR  RATCI  8  (l/ali 

AIR  TCltPtRAluRC:  11  C 
•lEATHCRi  Sunny 


t.e  ua/hr)  1.123  »a**5/fcr-a  of  alftht 


5UdSUNCr 


1»H|  OF  ARAL  APP 


-klarotora  (nft/t) 

Toluene  Cng/ll 
Cltlorotemene  3ng/l> 
lenieAf  tng/lk 

dpoaaloya  (ng/ti 
Iroaotora  (ng/ll 
j  tr>ro«o  ent  or  aae  thane  <hg/l> 
Tltraftentana  ln«/l) 
a-Nlt rotoluen*  tng/tl 
DlttbTtpMkalatl 
»C2  12*2  ItlO/O 
TIDktbllTA* 

•htnanlbrtnc  4ni/i) 


•inUdiUr»nenal  Ing/tl 

ratlin 

*OQ  C»?/ll 

roc  (*«/t> 
fSS  iag/t> 
fii  t*g/l> 

3*1  toK  U3itt» 
lUr  talawtcil 
Teaeerature  IC» 

(m-tal 
tfotwae  m 
Steady  State  Rat* 


o3*8 
•  *b 
>5 
•t.« 
73.9 
1M 
**•» 

**•* 
lb. 3 


i/a 


33. fc 
3.9 
fct.fc 
31.3 
fci.l 
1M 

13.1 
H.fc 

14.1 


CONCERT* at I or 

1/a  1/2 


M 

tA.a 

9«.t 

57.1 

>1.9 

1M 

IS 

is 

11*1 

11 

11 

Kl«l 

;tu 

fc 

i.« 

8.1 

8.1 

1.1 

ISM 

41 


Cc*V.  *JVkJ— 1  •  -:ij  dees 
p«»ut  bilkz  legible  icproduction 


0.4  <c*/ftr> 


#•12*  (•••j/hr-t  a’ 


circimcNi;  oueiluo  flow  -  slope  i 
date:  11  N«««.Mr  mi 
APLICATIOH  RATE:  fc  <l/#1n> 

*l*  TCftPEItAtuaC:  &  c 

MiiNCi: 


SOBITAMCE 

TYPE  OF 

ANAL  APR 

1/8 

CONCENT*  AT  ION 
1/4  1/2 

1/4 

4  y 90/  f 

Chlarifan  <n«/l) 

• 

Taiwan#  ing/ii 

« 

a 

•  mim*  lm/ll 

a 

8r«apf«ra  In*  A) 

a 

■rttafgra  (n«/li 

b 

5*.  2 

40,7 

33. 8 

23*1 

13.9 

7.1 

»  t 

7.5 

4.9 

3.5 

I  .9 

0.91 

Mtraban>«n*  «ng/l) 

b 

48. 1 

48.2 

44.  1 

44*5 

91.7 

55.0 

•-N1 tratalurnr  In0/Ll 

b 

59.8 

19.4 

12.6 

M.  0 

25.4 

17.4 

Olat  hflpMh.Lata  (rg/U 

b 

75.8 

81.4 

54.9 

4  1  ,b 

31.4 

PC«  1242  (nq/ l ) 

b 

19.8 

18.« 

6.2 

1*4 

3.8 

•<«phtl»il*n»  (ng/l) 

c 

12.8 

17.? 

10.4 

4  .4 

PKonortt hr «nc  fnq/l) 

c 

19.8 

8.? 

2.9 

<o 

C*£J 

Olni t rophcnal  (ng/l) 

d 

Ptnt  achlarapnanet  fnq/lt 

tf 

18.1 

?3.4 

21.0 

21  .0 

14.3 

Total'*  <4«/l) 

OOP  (ag/l) 

71 

a  c 

19 

17 

n 

74 

roc  (aq/li 

28.1 

17.1 

lb.' 

11.8 

15.4 

ESS  faq/ll 

4.9 

ii 

11 

T 

VSS  lag/l> 

pH  <PH  unit  l> 

41 

ii 

1C 

8 

8 

I 

riac  latftuUtl 

0.0 

11-5 

?7.C 

5-*  .0 

Pl-0 

1  DH 

i: 

4 

P 

8 

7.5 

Oapth  Uvt«tal 

1*1 

1.5 

&.** 

3.7 

St««tfy  3  tat*  Rate  tl/slnl 


2274 


16  51 
5.0 


exRerirenT;  overlaid  flo*  -  slope  5 

OATC$  24  1481 

•  PLICATION  RATE:  A  U/.1r) 

*u  Tti^EHMURC:  -1  C 
NEITHER;  Sunny  •  tr««?)> 


0.4  Ut/kr)  8.124  («t>j/(ir- 


SUSSTAMCC 


TTPE  OF  ARAL  ARP  l/» 


CONCENT* ATI ON 

i/a  i  /? 


CHtr«f«ri  Ifto/U 
Hl«w»  Co.j/11 
C4Ur«h*fi«Mt  Ing/ll 
5*W*N  Ing/t  I 

flro>»l§rB  (ng/ll 
■  mofirg  (og/U 
31br*N(hl»fOR*thM(  (ng/U 
8l(roha*i«M  <ar/1> 
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APPENDIX  B.  DOWNSLOPE  REMOVAL  CHARACTERISTICS  OF  SELECTED  CHEMICALS  AT  CRREL  AND 
AT  DAVIS 


FtgurtBlO.  Dowiulop*  removal  chmicterittici  for  toluene  at  Deris. 


A  facsimile  catalog  card  in  Library  of  Congress  MARC 
format  is  reproduced  below. 


Jenkins,  T.F. 

Assessment  of  the  treatability  of  toxic  organics 
by  overland  flow  /  by  T.F.  Jenkins,  D.C.  Leggett, 

L.V.  Parker,  J.L.  Oliphant,  C.J.  Martel,  B.T.  Foley 
and  C.J.  Diener.  Hanover,  N.H.  :  Cold  Regions  Re¬ 
search  and  Engineering  Laboratory,  Springfield,  Va. : 
available  from  National  Technical  Information  Ser¬ 
vice,  1983. 

vii,  59  p.,  illus.;  28  cm.  (  CRREL  Report  83-3.  ) 
Bibliography:  p.  28. 

1.  Land  treatment,  2.  Organic  compounds. 

3.  Overland  flow.  4.  Wastewater  treatment. 

I.  Leggett,  D.C.  II.  Parker,  L.V.  III.  Oliphant, 
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C.J.  VII.  United  States.  Army.  Corps  of  Engineers. 
VIII.  Cold  Regions  Research  and  Engineering  Laboratory, 
Hanover,  N.H.  IX.  Series:  CRREL  Report  83-3. 


